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Abstract 
Heteropoiy Oxometalates of 1B and 3B Cations, 
Theù Morphological and Cataiyüc Pro perties. 
Heteropoly oxomeîalates are ionic solids with discrete cations and anions. 
Although a wide variety of these exist, those with the Keggin anion, XM,,O," (X = P, Si; 
M = W, Mo), are among those which are most t h d y  stable. When protons serve as 
the cations, superacids with an overall chernical formula of H,XM,,O, result. Heteropoly 
acids (HPA's) are rnultifunctional, being capable of acting cataiytically in oxidation 
processa or, altematively as acid catalysts, depending on their elemental composition. 
Salts of 1 2-tungstophosp honc, 1 2-tungstosilicic and 12-rnolybdop hosphoric acids 
were prepared with stoichiornetnc and nonstoic hiometric quantities of silver(1) and 
thallium(i) cations. Ail of the salts except silver 12molybdophosphate have high surface 
areas (with at least a 10-fold increase over that observed with the pure HPA) and 
microporous structures, as sho wu b y analy sis of nitmgen adsorptiondesorp tion w themis, 
obtained at 77 K. A microporous structure could not be obtained for siIver(I) 12- 
molybdophosphate. Powder X-ray df i c t i on  and infkired spectroscopy c o h  that the 
Keggin anions retain their structure and the substituted cations reside in positions 
previously occupied by the protons in the heteropoly acid. 
In conûast, attempts to prepare salts containing the divalent coppefl) cation 
proved unsuccessful in fomiing soiids with a microporous structure. Studies of the 
surfâce and bulk properties revealed that the isolated soiids were a mixture of the copper 
cation and the 12-heteropoly acid. Solid state ion exchange with the monovalent copper(I) 
cation and the 12-tungstophosphoric acid was also unsuccessiùl in fomiing a high surface 
area solid, although powder XRD patterns indicated that there may be favourable 
orientation of the anions to facilitate a microporous structure. Solid state iou exchange of 
the copperO ion and the ammonium 12-tungstophospbate salt indicated that migration of 
the copper(I) cation into the bulk had occurred although this resulted in a lower surface 
area and smailer rnicroporous structure than present in the ammonium salt. 
W e  BmauedEmmetüTeiler (BET), MP, Dubinin-Radushkevich (DR) and 
Horvath-Kawazoe-Satio-F01ey (HKSF) methods were used in the analysis of the N, 
adsorption-desoption isothemis of the stoichiometric t h a h  salts of 1 2-tungstosilicic 
and 1 2-molybdophosphoric acids. A comparative study regardmg the advantages and 
disadvantages of each method is discussed with respect to obtaining information on the 
surface areas, micropore volumes and pore sue distriiutioos. 
Solid-state 'H NMR -dies showed that protons remained in the stoichiometrk 
and nonstoichiornetric cesiumO, s i l v Q  and thallium(1) 1 Zheteropoly salts, although the 
numbess decreased as the preparative cation to proton ratio increased. As shown h m  
NH, TPD -dies the distribution of acid strengths shifts as the nature of the cation and 
stuichiometry of the salt are altered. 
The cesiun@), silverO and thaliiumO 12-heteropoly salts of various 
stoichiornetries were examined as heterogeneous cataly sts in the acid catalyzed processes 
of the isomerization of I -butene and the dehydration of primary, secondary, and tertiary 
butanois. In cornparison to NPA's, the creation of a microporous structure in the salts 
increases the accessibility to the protons in the solid lattice; however there is a decrease in 
the number of available acid sites as the amount of cation substituted into the salt is 
increased. In addition, the incorporation of a nonprotonic cation causes a shifi in the 
d h i u t i o n  of acidic strengths of the salt, with the disappearance of the strongest acid 
sites as the cation:proton ratio is inaeased. Further analysis of the catalytic data indicated 
that the acidic strength may be the result of a perturbation in the chemical environment by 
interaction of the nonprotonic cations with the oxygen atoms of the Keggh miou. 
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CHAPTER 1 
Introduction 
Heteropoly oxometalates, commonly referred to as metal-oxygen cluster 
compounds (MOCC), are oxide cluster ions, often of a high molecular weight. While 
isopolyanions, mO,F, conskt of ody oxygm and a second elemenf the hetmpoly ions, 
[yMmO,,IP (xsm), contain a niinimum of two different elements in addition to oxygen. 
They have been known for more than 150 years.' These morganic anions fom a unique 
family of materials in which the structural form and integrity of the anion is maintained 
when selective substitution of atoms occurs.' Modifications in the elemental composition 
of these compounds have made them suitable for maoy applications. A number of 
reviews have been pubiished in the literature summarinng the synthesis, characterization, 
and applications of the various heteropoly ~xometaIates.'-'~ 
1.1 Anion Composition and Structure 
While the stoichiomeûy of heteropoly oxometalates, E&O,]q- (xsm), suggests 
that a wide variety of compounds may be synthesized h m  various elements in the 
periodic table, Pope bas noted bat for a metal element to occupy the peripheral position 
in the heteropoly anion, denoted as M, specific ionic radii and charges and the capability 
of forming dn-px metal-oxygen bonds (M-O) are required.' Due to these restrictions, 
moly bdenum or tungsten are usually coosidered suitab le elements to occupy the peripheral 
metal positions, although in some cases vanadium, niobium or tantahm have been used.' 
Requirements for the centrai a t m  X appear to be less çtringent than those of the 
peripheral metal atom, and as many as 65 elements in the penodic table have been 
incorporated.' 
Heteropoly anions are generaily formed by the condensation of two or more 
dEerent oxoanioos containhg the desired elements in an acidic aqueous solution. 
Equation 1.1 ilIusmtes the apparent simpficity of the method in forming the 12- 
tungstophosphate anion. While many structures of the heteropoly oxometalates are still 
possible with the restrictions of the peripheral metals (M), the nature of the species 
isolated is also dependent upon the proportional quantities of the oxides used in the 
synthesis, detemuning the (dm) ratio, and the pH of the solution. In cornparison with 
other heteropoly anions, the 12-heteropoly oxometaIates, also referred to as Keggin anions, 
[x"ml,mc0,]~8('+'2"( are easily obtained and are among the most stable." This has 
resulted in these anions' being the most extensively studied. The resulting charge on the 
Keggin anion, (Xh4,,0,)9 is dictated by the oxidation states of the central and peripheral 
metais. A solid acid is formed when hydrogen atoms are added to the Keggin miox 
f o d g  a neutral species, H,XM,,O,. General propdes  of the Keggin anion, such as 
the structure, electronic states and reactivities are found in the literature.'.' 
The fkst published record of a 12-heteropoly oxometalate synthesis was in 1826 by 
the Swedish chemist J6ns Jakob Berzelius. '' The compound was what is now known as 
ammonium 1 2-molybdophosphate ((MI,)3PMo,,0,). However, it was not u t i l  1933, that 
J.DI. Keggin, an x-ray crystaiiographer, was able to determine the structure of the 12- 
heteropoly anion in 12-tungstophosphoric acid, H,PW,,O,-SH,O.'~ This finding 
confirmed the mcture  onghally proposed by Pauling.'' The class of 12-heteropoly 
anions was subsequently named Keggin ion systems. 
The approxhtely spherical structure of the Keggin anion, as depicted in Figure 
1.1, can be described as a central atom (X), typically phosphorus or silicou, bonded to 
four oxygen atoms arranged tetrahedraliy. Each of the twelve peripheral metal atoms (M) 
forms a slightly distorted octahedron with the peripheral metal located at the approximate 
centre and s u  oxygen atoms at its ver tic^.'^'^ The twelve octahedra are arranged in four 
groups of three edge-shared octahedra, M3OI3, which are linked by shared corners to each 
other and to the central XO, tetrahedron. (Figure 1.2) Despite the arrangement of the 
peripheral metal atoms in the Keggin anion, they are considered to be equivalent to one 
another. Ig3w and 95Mo NMR spectra of these anions contain only a single resonance for 
the penpheral metal atoms, indicating that the twelve metal atoms reside in identical 
chemical environrnents, and independent of the nature of the central atom (phosphorus, 
silicon or b o r ~ n ) . ' ~ ~ ~  The ody exception to this is the appearance of a narrow doublet in 
the '"w NMR spectra of PW,,O,'; resulting fiom the two bond coupling of the Ig3w and 
Figure 1.1 - Structwal representatioo of the Keggin anion, (XM,,O,). 
4 
"P nuclei.Ig Due to the anangement of the twelve octahedra and the central tetdedron, 
three types of oxygen atams exist in the Keggin anion: those which bridge two peripheral 
metal a t m ,  intercomecting the octahedra; those which bridge the peripheral metal atom 
with the central atom; and the oxygen atoms which project radially h m  each of the 
d e c i r a ,  o h  referred to as the terminal oxygen atoms. 
t 
Figure 1.2 - OctahedraI representations of the (a) trimetalate unit M,O,, and centra1 
teûahedron XO, and (b) Keggin anion.'4 
In spite of its cageiike appearance (Figure 1.1) the atoms in the Keggin anion are 
in close proximity to one another, due to the bridging oxygen atoms. This anangement of 
a t m  prevents the migration of smaîi gaseous species into the anion stnicaire. The 12- 
heteropoly oxometalates are ionic solids consisting of discrete d o u s  and cations, fomiing 
a solid Iattice. The data h m  a combination of x i a y  and neutron d f i c t i o n  techniques 
ailowed Brown et al." to provide a detailed pichne of the lattice structure for the 
hexahydrate of 1 2-tu~gsbphosphoric acid, H,P W ,,O,--0. (Figure 1.3) Hydratai 
protons, (H,O)-L, iink four Keggin anions through hydrogen bonds with the temiinal 
oxygen atorns of the anion, creating interstitial voids within the Iattice b e w o r k .  In 
Figure 1.3 a two-fold themial disorder exists for the water molecules hydmgen bonded to 
the proton in a quasi-planar arrangement For 12-hingstophosphoric acid hexahydrate the 
protons and anions are arranged in a cubic Pn3m stnr~ture.'~ The degree of hydration 
Figure 13 - Representation of H,Pw,,o,*~H,O." 
does alter the space group assigned to the crystal structure, as detemiined for the 
structures of H,PW ,,0,*2 1 H2O2* and H3~W,,0,-29H20,* although the general cubic 
arrangement is maintained. Brown et al. a h  noted that the original structure determined 
by Keggid4 was actuaily the hexahydrate fom of the acid rather than the pentahydrate as 
stated. ' ' 
With respect to the molybdenum derivative of the 12-heteropoly oxometalate, 
H,PMo,,Oa, a similar arrangement for the protons and anions was determined. Strandberg 
had originally classified the H,PMo,,0,29-3 1H20 as having T, symmetry, and assigneci 
the space group of 14,/a~nd.~ However, in the anafysis of the same data, AUmann 
concluded that this acid actually belonged to the Fd3m space g r o ~ p . ~ ~  This was also 
concluded by Clark and Hall? The removal of hydrating water molecules changes the 
space goup classification from cubic to triclinic for H,PMo,,o,- 13- 1 4 ~ ~ 0 . ~  
Preliminary solid state 'H and 'P NMR studies carried out by Misono and 
coworkes indicated that the protons rnay be migrating to the bridging oxygen atorns (W- 
O-W) when H,PW,,O,~aH,O was dehydrated from n=17 to n=0.5? However, powder x- 
ray difEaction patterns did not change as the nurnber of hydrating water molecules was 
decreased f?om n=6 to ~ 0 . 5 ,  indicating that the secon* structure of H,PW,,O,~O.SH,O 
may be identical to tbat of H,PW ,,O,-6H20, as proposed by Brown et al. " On the basis 
of FTIR band broadening Misono et al. concluded that the protonation of the bridging 
oxygen atoms occurred in the dehydrated acid." KozheMikov et al. believed that these 
IR studies failed to establish unambiguously the protonation sites in the 12- 
tungstophosphoric a~id.~'@) The application of 170 MAS NMR by this latter group to the 
dehydrated acids of 12-tungstophosphoric and 12-tungstosilicic acid (H,SiW ,,O,) 
c o n h e d  that the protons remain predominately localized on the t h a l  oxygen atoms? 
Ail of the teminal oxygen atoms appear equivalmt in the NMR specttum, suggesting that 
the protons migrate between the four terminal oxygen atoms, linking the Keggin anions 
similar to the role of the hydrated protons, (H,Ok+, in HH,PW,,0,6H,0 as proposed by 
Brown et al..'' This accounts for the cubic anangement of the anions being rnaintained 
during the dehydration of the acid. 
Heteropoly oxometalate salts containing monovalent cations, other than protons, 
were nrst characterized by Santos, who concluded that the cations occupied the positions 
previously occupied by the protons, maintainhg the symmetry of the M m  space group." 
Direct evidence was provided by Boeyens et al.'' who perfomed single crystaL studies on 
the potassium and ammonium salts of 12-rnolybdophosphoric acid. This was reiterated by 
Brown et al. with the examination of the cesium salt of 12-tungstophosphoric acid, 
C%PW,,O,." Several of the crystallographic space groups have been detemiined for 
various heteropoly oxometalate salts by single crystal studies and are tabulated in the 
literat~re.) '~~ The properties of the 12-beteropoly oxometalates are sipficantly 
influenced by the nature of the cation. The following section will discuss some aspects of 
these while more specific details will be explored in later chapters. 
1.2 Properties of 12-Heteropoly Oxometalates 
Catalysis by heteropoly oxometalates is a field of growing importance, a t t r a c ~ g  
increasing attention worldwide. This is in part due to the catalytic functionality's being 
modified by varyhg the elemental composition of the anion while its siructural integrity is 
rnaintained.8(aw) The properties piaying the largest role in the 12-heteropoly oxometalates 
include elecwochemical and acid-base properties, redox properties, and well defined 
primary (the Keggin anion) and secondary (the Iattice) structures in the sotid state. 
Recent reviews in the literature8*'b'2 tabulate many of the reactions for which 12- 
heteropoly oxometalates have been used as homogeneous and heterogeneous catalysts. 
The catalytic activity is affected by the choice of central and peripheral atoms, the ratio in 
mixed peripheral atoms and the choice of accompanying cation. In the solid state, the 
acid strength, redox properties, and physical properties are also strongly dependent on the 
countercation. 
12-Heteropoly acids are considered to be superacids, possessing predominantly 
Bronsted acidity and are stronger than the conventional solid acids such as Si02-A120, 
H,PO,/SiO, and HX and HY zeoiites, indicated by Hammett indicators when titrated with 
n-butylamine.'" A supemcid is an acid that exhibits acid strength greater than 100% 
H,SO,.~* Recent rnicrocalorimetric measurements of the differential heat of adsorption of 
ammonia have provided the fint direct evidence of the superacid properties in heteropoly 
acids? Semiempincal quantum mechanical (Extended Hückel) calculations have 
predicted that the solid heteropoly acids with anions containing tungsten shouid have 
higher acid strengths than those with molybdenum, while the latter materials are expected 
to have more labile oxygen atoms than the former." Experimental work has provided 
support for these predictious with the H,PW,,O, acid active in the conversion of 
methanol to hydrocarbord8 while the partial oxidation of methane to methanol was more 
effective with the molybdenum analogue.19 Recent mimcalorimetric experhents of the 
difFerentia.1 heat of adsorption of arnrnonia have confirmed the sequence of acidic 
strengths for the heteropoly acids: H3PW,,0, > H,SiW,,O, » H,PMo,,O, > 
H,SLUO~,O,.~~ This is in agreement with conclusions made by other research groups, in 
which the relative catalytic activities of the heteropoly acids are consistent with this 
ordering, in both homogeneouç and heterogeneous systems."** Other heterogeneous 
reactions which are catalyzed more effectively by tungsten-containing Keggin anions 
include alcohol dehydration and hydrocarbon reactions such as  isomerizations, alkylations, 
and cracking processes. In addition to the acid properties, the Keggin anions can undergo 
reversible reduction reactions without loss of structurai integrity, which is common for 
heteropoly oxometalates possessing one terminal oxygen atom per MO, mit.' The 
electrons add to the largely nonbonding orbital of the metal with srnall changes in bond 
lengths. 
The thermal stability of the 12-heteropoly oxornetalates in the solid state is 
dependent both on the composition of the anion and the nature of the accompanying 
catio~.~'" Although the nature of the central atom is critical for the stabilization of the 
primary structure," the tungsten based anions are more stable than those containing 
molybdenum and anions consisting of only one peripheral metal element are genera11y 
more stable than those containing two types of penpheral metals." Differential thermal 
analysis (DTA) of 1 Zheteropoly acids by West and Audrieth indicated that the 
decomposition of H,P W ,,O,, H,SiW,,O,, H,PMo,,O,, and H,SiMo,,O, occurred at 573 
O C ,  487 OC, 397 O C ,  and 340 OC, respectively, producing rnainly oxides of W(Vi) and 
M O O . "  Salts are generauy more stable than the parent acidd3 
Mthough interstitial voids are created by the terminal oxygen a t m  Linking the 
hydrated protons, since these are not htercomected the resulting solid acids have low 
surface areas. The surface areas, detemiined by BET (Na, of 12-hingstophosphoric, 12- 
tungstosilicic, and 1 2-moly bdop hosphoric acids are 8, 4, and 4 m2/g, respectivel~ ." 
Desp ite these values, photoacoustic FTR shidies have dernonstrated that polar molecules 
such as âmmonia, pyridine, and methanol are capable of penetrating fiom the vapour 
phase into the bulk structure, that is between the cation and anions, where interaction with 
the protons may occur? The protons are considered to possess sorne degree of mobility 
in the solid structure. Temperature programmed hy drogen-deuterium exc hange (TPE) 
revealed that al1 of the original protons in 12-hingstophosphoric and 12-tungstosilicic acids 
c m  be exchanged, producing KD(g) as the principal p r ~ d u c t . ~ ~  Although no exchange 
was observed for 12-molybdophosphoric acid, consumption of deuterium and reduction of 
the acid was n0ted.4~ 
As mentioned in Section 1.1, with the substitution of various monovalent cations 
for protons in 1 2-heteropoly oxornetalates, the crystallographic structure is generaliy 
maintained. However, it was first noticed with the ammonium salt of 12- 
moly bdophosp horic acid, ((NH,),PMo ,,O,), that the BET (NJ surface area was calculated 
to be greater than 140 m'lg, 35 times the value recorded for the parent acid, H,PMo,,O,. 48 
The ammonium 12-tungstophosphate salt produced a higher conversion of methanol than 
the parent acid, and this increase could not be solely accounted for by the increased 
surface area of the ammonium sak4'@" A difference in the distribution of produ& was 
also noted with the ammonium salt producing mainly paraffins rather than o l e b  a s  
observed with the parent a~id.'~"'@" Further research in this Laboratory has shown, in part 
h m  the analysis of nitrogen adsorptiondesorption isotherms, that certain salts of the 12- 
heteropoly oxometalates prepared with monovalent cations have relatively high surface 
areas and porous ~ t r u c t u r e s . 4 ~ * ~ ~ ~  This is a result of accornmodating the larger cations in 
the lattice by the rotation and translation of the Keggin anions, removing the bamiers 
between the interstitial voids and creating channels throughout the structure. A 
comprehensive review of this work has also been publisbed." It was detemiined that the 
pore structure is dependent on both the nature of the cations and the elemental 
compositions of the  anion^."*^*)^^^^ The preparative stoichiomeûy and temperature as 
weii as the pmtreatment temperature have been shown to influence the rnorphology of 
these 
The synthesis of porous soli& is of continuhg mterest in cataIysis6' and it is 
generally accepted that the presence of microporous channels is one of the most 
significant fkctors influencing the reactioos in zeolites.' The small pore catalysts of the 
zeolite famiy, particularly ZSM-5, are important in shape-selectivity processesf with 
increasing emphasis placed on large pore makrials." The benefits fiom creating a 
micropore structure for a heterogeneous catalyst include increasing the contact area of the 
catalyst, providing shape-selectivity, and trapping unwanted materials f?om the feed 
Stream. Coma concluded that considering textural resuits of 1 Zheteropoly 
oxometalate~'~~~@' one should not expect to control the pore size to the same extent as 
with zeolites.'* His reasoning was based on the fact that the pore size distributions of the 
heteropoly salts are relatively broad so that the fbction of the surface area with the 
potential shape selective effects will be considerably smauer than expected in a solid with 
pores of similar and unifonn section. However, more ment work by Bonardet et al-" has 
confirmed that for the ammonium, potassium and cesium salts of 12-tungstophosphoric 
acid the presence of a rnicroporous structure was found to be homogenous and well 
organized by '29Xe NMR methods. 
13 Scope of Research 
The objective of this research is to establish the existence of a micropore structure 
in salts of 12-heteropoly oxornetalate containing representative cations of the 1B and 3B 
groups of the penodic table. Factors such as the nature of the cation and anion, the 
preparative stoichiometry and the resulting morphology of the saks will be investigated 
with respect to the catalytic propdes of the salt, in order to provide further insight into 
the perturbations of acidic strength when nonprotonic cations are introduced into the solid. 
In Chapter Two the characterizaiion of the silverO and thalliumQ) salts of the 
three heteropoly acids: 1 2-tungstophosphoric, 12-tungstosilicic and 12-molybdophosphonc 
acids is discussed. A variety of techniques were employed to establish and characterize 
the existence of a micropomus structure, with the observations compared to the analogous 
cesium-containing salts. This will help to determine if the trends apparent with the some 
of the sala containing alkali met& with respect to the nature and size of the cation and 
the anion composition are maintained for the transition metal salts. The preparative 
techniques used in the synthesis of the sait are examined as  a third factor. 
The work reported in Chapter Three had as its objective the preparation of a high 
surface area, microporous solid h m  the monovalent cation of an elernent capable of 
existing in two or more oxi&tion states and subsequently to determine the morphological 
ef5ect of conversion of that cation to a higher oxidation state. 
In Chapten 2 and 3 a variety of techniques are descnied which characterize the 
pore structure in the 12-heteropoly oxometalate sale synthesized. In Chapter Four, four 
methods of analysis, specincally Brunauer/Ernme~eUer (BET), MP, Dubinin- 
Radushkevich (DR), and Horvath-KawazoeSatio-Foley (HKSF), are desmibed for the N, 
adsorptiondesorption isothemis of the stoichiometric salts of ïï$iW,,O, and 
Tl,PMo,,O, in order to compare and contrast the aforementioned methods and the results 
ob tained there fiom. 
In Chapter Five the number and nature of acid sites available in each 12- 
heteropoly salt are characterized by data fiom 'H MAS NMR and amrnonia temperature 
programmed desorption. Chapters Five and Six provide a discussion of the results for the 
catalytic behaviour of the synthesized salts in temis of pore structure and cation 
composition. Isomerization of I -butene with the stoichiometnc and nomtoichiomeûic 
silverO and thalliumO salts is discussed in Chapter Five. 
The catalytic properties of the stoichiornetric and nonstoichiometric salts containing 
the monovalent cations of cesium, silver, and thallium in the dehydration of a series of 
butyl alcohols: tert-butanol, 2-butanol, and 1-butanol are discussed in Chapter Six. From 
these cablytic experiments, it is hoped to gain an understanding of the dependence of the 
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CHAPTER 2
Svnthesis and Characterization of Monovalent Salts 
2.1 Introduction 
The mcture of the heteropoly acid, 1 Ztungstop hosphoric acid (H,P W ,,O,-6H,O) 
in the solid state, determined by Brown et- al,' was discussed in detail in Chapter 1. With 
changes in the elemental composition to fom the 1Zhingstosilicic (H,$iW,,O,) and 12- 
molybdophosphoric (H,PMo,,O,) acids, a cubic anangement of the Keggin anions and the 
hydrated protons in the solid state is maintaineci, although the H,PMo,,O, is found to 
belong to the fàce-centred (Fcl3m),= not primitive (Mm) space group as with H,PW,,O, 
and H,S~W,,O,.'~' AU three heteropoly acids have small surface areas, typically less 
than 10 m2/g.' This is a result of the interstitial voids present in the lattice, separated 
h m  one other by the linking of the terminal oxygen atorns to the hydrated protons. 
Tourneaux and ~ e v i d * '  fint demonstrated that the saits of 12-heteropoly acids 
were capable of adsorbing vapours of alcohok, acids, and hydrocarbons. Gregg and Stock 
later investigated the adsorption of hydrocarbon vapours, ammonia, water, and nitrogen on 
the ammonium salt of 1 2-molybdopbosphonc acid, (NH,), PMo The resulting 
adsorption isotherms were considered to be Type 1, according to the Brunauer, Demming, 
Demming and TeIler  classification^ and the BET sdace area was calculated to be greater 
than 140 m2/g.' Monomolecular adsorption in micropores, defined as pores with 
diameters of less than 20 angstroms (2.0 nm)," is associated with Type 1 isothemis. 
Gregg and Tayyab used the preadsorption of n-aonane to study the micropore structure of 
the ammonium sala (NH&P W ,,O, and (NH4)4SiMo ,,ON1 ' and concluded that micropores 
conûibuted significantly to the surface area of the heteropoly salts and that the 
rnicroporosity was structural in nature. Work in this Iaboratory has continued to provide 
evidence that a microporous structure results with the substitution of the protons by 
monovalent cations of group 1 A elements, accompanied by relatively high sunace areas? 
Despite the evidence supporthg the existence of a micropore structure, Misono athiiutes 
the higher surface area of the 12-heteropoly oxometalate salts to the very srnail size of the 
particles and not to the presence of intrinsic mic~opores in the crystal structure."" 
Minopornus structures are absent in the sodium salts of 12-tun&stophosphoric and 12- 
molybdophosphoric acidsqa) and the sodium and potassium saits of 12-tungstosilicic 
acid? More recently, ' 2 9 ~ e  NMR studies have c o b e d  the existence of the micropore 
structures of several heteropoly oxometalate salts prepared h m  the monovalent cations of 
p u p  1A akali rneti~k.'~ 
Santos coacluded that the 12-heteropoly salts containing monovalent cations 
belonged to the M m  space group, with the cations occupying the positious previously 
occupied by the protons.'5 Direct evidence was provided by Boeyens et aLi6 who 
perfonned single crystal studies on the potassium and ammonium salts of 12- 
molybdophosphoric acid. This was reiterated by Brown et al. with the examination of the 
cesiurn salt of 12-tungstophosphoric acid, C%PW,,O,.' It has been suggested that the 
microporous structure results tiom the distortion of the temiinal oxygen atoms in the 
adjacent Keggin anions to accommodate the larger cation." The distortion can be 
descnbed as the translation and rotation of the Keggin anions, which remove, at least 
partially, the barries separating the interstitial voids h m  one another. 
McMonagle and Moffat provided m e r  evidence for the distortion of the terminal 
oxygen atoms by noting microporous salts share a common feature in the diflhction 
patterns obtained by powder XRD rnethod~.*~@) The ratio of intensities of two indexed 
peaks in the powder XRD spectrum (I[ 11 O]/I[222]) decreases for a microporous solid. 
The [222] peak is the most intense in the spectnim and the decreased intensity of [110] is 
a result of a distortion interaction of the cation with the terminal oxygen atom reducing 
the electron density in the 1 10 plane. It was aiso noted that there is a strong inverse 
relationship between 1[110]A[222] and the micropore volume as a function of the cation 
radius of the monovalent salts of HPW, HSiW, and HPMOP 
With the establishment of a microporous structure in heteropoly salts contaiaing 
the monovalent cations of the alkaii metals and ammonium, with the exception of sodium 
and in some cases potassium, the natural extension of this research was to fonn salts 
containing 12-heteropoly oxometalates with the divalent cations of the alcaline earths."'" 
Although an increase in catalytic activity had been noted for these salts containing the 
divalent cation, Little was reported on the characterization of the surface and bulk 
properties of these solids. Investigations showed that microporous structures were aot 
foxmed? Single crystal x-ray difiction studies of Bq(PW,,O& revealed that the 
barium cation did not occupy the proton's position and, in fm there was no evidence of 
the divalent cation in the laîîice network.' It was concluded by McGarvey and   of fat? 
that the solids were mixtures of the 12-heteropoly acid and the divalent cations of the 
alkahe earth metals and that any differences in the catdytic behaviou. was a resdt of the 
divalent cation present in the mixture with the acid, rather than the formation of a salt of 
the Il-heteropoly acid. 
In addition to those containing alkaline earths, salts of the 12-heteropoly acids 
were formed with various transition metal cations. 18s-zs In particular, monovalent silverO 
and thallium(i) derivatives of the 12-heteropoly acids have been shown to have high 
catalytic activities in the dehydration of r n e t h a n ~ l ~ ~  and 2-propan01,~ the isomerization of 
he~ane, '~ and the oxidation of various hydr~carbons.~' Although the surface areas of the 
salts were r e p ~ r t e d , ~ ~ ~ ~ ~  Little or no characterization of the surface and bulk properties 
was carried out in order to explain the increased catalytic activity. However, due ta the 
differences observed with the salts containing the alkali metais and alkaiine earths, this 
type of characterization is essential in understanding the morphology of the salts and 
optimizing the synthetic conditions to faciiitate their use in catalysis. 
The present chapter provides the results of characterization of the silver(I) and 
thaliium(1) salts of the three heteropoly acids: 1 2-hingstophospboric acid, 12-tungstosilicic 
acid and 12-molybdophosphonc acid. Nitrogen adsorption-desorption isothemis and 
spectroscopic techniques were used to establish and characterize the existence of a 
microporous structure. The use of silver and thallium, a s  representative monovalent 
cations fiom each of the 1B and 3B groups of the periodic table, and the three types of 
Keggin anions provides information on the effect of (1) the nature and size of cation and 
(2) the anion composition on the microporous structure. Despite changes in the central 
and penpheral atoms, the structure of the Keggin anion is rnaintained. However, the 
charge canied by the anion is dependent upon the oxidation States of the atoms used. The 
preparative techniques used to synthesize the sa16 are considered as  a third factor. These 
included a variation of the temperature at which the synthesis was carried out and the use 
of nonstoichiometnc amounts for the ratio of cation to proton in the synthesis of the salt 
As mentioned previously, C%PW,,O, is a close structural analogue to 
H,PW,,O,-oH,O with the monovalent cation occupying the position previously held by 
the proton, as indicated by both x-rsy difiction' and ''0 MAS NMR dadg The 
microporous structures of the cesium salts of 12-tungstophosphoric and 12-tungstosilicic 
acids are well established and have been reported in the l i t e r a ~ e . ~ ~ ~ ~ )  The cesium saks 
have increasingly been recognized for their use as solid acid ~a t a l~ s t s . ' ~  As a result, the 
cesium salts C%PW,,O, and Cs,SiW,,O, were considered to be suitable standards with 
which to compare the characterization of the micropore structures in the salts of 
heteropoly oxometalates containing the silver and thallium monovalent cations. 
2.2 Experimental 
2.2.1 Synthesis 
12-Tungstophosphonc acid (H,P W,,O,) and 12-tungstosilicic acid (H,SiW ,,O,) 
were obtained h m  BDH (Auala R Grade) while Il-molybdopbosphoric acid 
(H,PMo,,O,) was purchased fkom Aldrich. Silver nitrate (AgNO,) and thaIious nitrate 
m O , )  were obtained £kom BDH and cesium nitrate (CsNO,) kom Aldrich and all three 
nitrate salts were used as received. All three acids were recrystallized prior to use. 
Helium and nitmgen were purchased nom Praxair. 
Eight dflerent salts were synthesized fkorn each 12-heteropoly acid with the nitrate 
salt of either cesium(I), silverO or thallituno. To examine the effect of stoichiometry on 
the properties of the salts three molar ratios of the cation to the protons of the acid (0.85, 
1.00, and 1.15) were employed in the preparation of each salt. 
The silver salts of Ag3P W ,,O,, A&Si W ,,O, and Ag,PMo,,O, (ab breviated as 
AgPW, AgSiW and AgPMo, respectively), were obtained by precipitation when the 
desired amount of the AgNO,, dissolved in 2.0 mL of distilled deionized water, was added 
dropwise to a .  aqueous solution of the appropriate acid (=3g or = 1 x 1 o5 mol) dissolved 
in 4.0 mL of distilled deionized water. M e r  allowing the reaction mixture to stir for t a  
minutes, at rwm temperature, the mixture was filtered gravimetricatly, t r a n s f d g  with a 
minimum amount of water (3 x 2.0 mL). The salt was then dned overnight under a 10w 
vacuum at m m  temperature. 
The cesiwn salts of C%PW,,O, and Cs,SiW,,O, (abbreviated as CsPW and 
CsSiW, respectively) were obtained by the method employed for the silver salts. Since 
cesium nitrate is les  soluble, a larger amount of water (4 mL) was employed for its 
solution. 
The thallium salts of Ti3PW,,0,, Ti$iW,,O, and Ti,PMo,,O, (abbreviated as 
TPW, TlSiW and TiPMo, respectively), were obtained by a similar procedure but with a 
reaction temperature of 60 O C  and the covered reation mixture was stirred at 60 O C  for 
one hour, pnor to filtration. The decreased çolubility of the thallium nitrate salt 
necessitated the dissolution of both the cation and acids in 6 mL of distilied deionized 
water. This synthesis is based on the method previously used by Thistiethwaite et aL3" 
AU the salts were stored in a desiccator after drymg. For the AgPW and TLPW 
salts, the cation to proton ratios of 0.5 and 1.5 were also învestigated. 
The mixed salts of 12-tungstophosphonc and 12-tungstosilicic acids were 
synthesized by varying the ratio silver(I) and thaUium(1) cations while still maintaining a 
stoichiometric (1 .O) molar ratio for the total cations to the protons in the acid. The 
synthetic procedure was identical to that outlined for the thallium salts. Bot. cations were 
dissolved together in 6 mL of water pnor to their addition to the solution of acid at 60 OC. 
The stoichiometric equations for the mived salts of 12-tuogstophosphonc and 12- 
tungstosilicic acids are as fouows: 
2.2.2 Characteriiation Techniques 
h f h e d  spectra were recorded, from either nujol mulis or KBr disks of the s a k ,  
of the fingerprint regioo of the IZheteropoly anions (2000 - 400 c d )  on a Bornem MB- 
100 FT-IR spectrometer. Powder X-ray diflkction patterns were recorded on a Siemens 
D500 difictometer using CuKa radiation and a graphite monochromator, at 30 mA and 
40 kV. The samples were taken directly from the desiccator and the spectrum recorded at 
room temperature. 'H MAS NMR spectra were obtained on a Bruker AMX-500, with an 
extemai reference of benzene, at m m  temperature. The spinning rate ranged between 6.5 
- 8 kHz, depending upon the sample. 
Nitmgen adsorption-desorption isotherms were measured on a standard volumeîric 
glas system (Figure 2.1) fitted with an MKS Baratron type 590HA Capacitance 
Manometer. The vacuum system consisted of a Baizers rotary pump and two water 
cooled mercuxy diffusion pumps in series, which were capable of achieving a pressure of 
104 torr. Sarnples, coosisting of approximately 0.5 g, were outgassed at IO-' tom at 473 K 
for two hours pnor to the analysis, at 77 K. Caiïbration of the volumes at room 
temperature (278 K) was canied out with helium gas. Witb the sample holder isolated, 
the pressure of an aliquot of gas is measured in the closed system by the capacitance 
manometer. The stopcock to the sample holder is then opened and the pressure is 
recorded once equilibrium has been established. The level of mercuIy in the gas burette 
remaiaed fixed for a given sample. The pressure was measured to * 0.001 torr to a 
maximum pressure of 100 tom and * 0.01 torr for the remainder of the adsorption- 
desorption isotherm. Equilibnum required durations of time which varieü h m  sample to 
sarnple but was assmed to have been attained when no measurable changes were 
apparent. To complete the isotherm, the pressure of the aiiquots of gas are increased h m  
2 to 760 torr. Approximately 25 and 10 data points were obtained for the adsorption and 
desorption sections of the isothenn, respectively. 
Temperature-programmed desorption experiments were performed with a Shimadzu 
gas chromatograph (GC-9A) equipped with an empty bras tube (0.30 m x 1/4") and a 
CW2A Chromatopac Integrator. The sarnples, approximately 0.150 g, were placed in a 
glas tube iaserted into a heater and were pretreated at 30 O C  with a Stream of pure 
helium for 20 minutes. The experiment consisted of rarnpuig the temperature h m  30 O C  
to 600 O C  at 41 OC/&, while rnaintaining a flow of helium at 46 mL/min. Slower 
ramping temperature rates were not suitable in distinguishing a peak for the residual 
protons. 
Figure 2.1 - Volumetric nitrogen adsorption system. (a) capacitance manometw, (b) sample 
bolder, (c) gas burette; (d) nitmgen storage; (e) nitrogen b1owdF tube; (9 U- 
tube manometer; (g) to nitrogen cylinder. @) to vacuum pumps. 
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2.3 Results 
2.3.1 Characterizalion of Swjirce and Bulk Properties of Pure Silver and ~ Z I i u m  SUZB 
As mentioned earlier, the structural arrangement of the Keggin anion is maintained 
with the inteichangeability of various central and peripheral a t m .  Intiared specimscopy 
provides five characteristic bands for the Keggin anion in the region of 2000 to 400 
31 . The fkst is the triply degenerate asymmetric stretch of the central atom-oxygen 
bond of the central tetrahedron (denoted as u,(X-O)). Second is the asymmetric stretch 
of the peripheral atom and the temiinal oxygen atom bond (denoted as u,(M-03). Two 
bands are associated with the peripheral metal-oxygen-peripheral metal bonds. 
accompanied by some bending character.)' The higher fiequency, denoted as u,(M-O- 
M), involves the peripheral atom-oxygen atom bndge between the octahedra in adjacent 
M,O,, trimetalate units while the lower fkquency, u,(M-O-M),,, results h m  the 
vibration of the metal-oxygen-metal bndge between octahedra which share edges with one 
another within the same M3013 unit Cornpleting the set is a band, denoted as 6(0-X-O), 
resulting tiom a combination of metches of the central atom-oxygen bonds, causing 
deformation in the central tetrahedral unit. 
Of the six salts synthesized (AgPW, AgPMo, AgSiW, TLPW, W M o  and TlSIW), 
the structure of the Keggin anion and its orientation in the lattice structure was maintained 
With the substitution of the cations except for the AgPMo salt The five characteristic 
bands for the Keggin anion are present in the innared spectra for al1 the salts except the 
AgPMo salt. Table 2.1 sunxtnarizes these five bands for the three parent acids and the 
salts while Figure 2.2 contains the spectra observed for the silver and thallium salts of 12- 
tungstophosphoric acid. 
The presence of additional bands for the Ag,PMo,,O, salt indicates that the 
"defect'l Keggin structure may have been fo r~ned .~~  This "defect" structure has lost one 
heavy atom and a temiinal oxygen, giving the rnolecular fomula of PMO,,~,;. The 
resulting hole in the structure decreases the symmetq of the anion h m  T, to C, and is 
reflected in the infiared spectnim by the spiitting of the u(P-O) and u,(M-03 bands as 
well as the u,(M-O-M),, bands. These first two characteristics were observed in the IR 
s p e c m  of AgPMo with a de f i t e  broadenhg of the bridging bands. (Table 2.2) 
Table 2.1 - Characteristic fiequencies h m  h f k e d  spectra of parent acids and sdts. 
' Reference 3 1 (a). 
Table 2.2 - Characteristic f?equencies for infiared spectrum of silver 12- 
molybdophosp hate. 
" Reference 32. 
Reference 3 1 (a) 
Figure 2.2 - Infrared spectra of silver and thallium 12-tungstophosphate. 
Powder x-ray di fkdon @RD) patterns of the salts provides information on the 
orientation of the Keggin anions in the laîtice now containhg the substituted cations. The 
powder XRD patterns of ail the salts, except AgPMo, were indexed according to the cubic 
Pn3m space group. This indicated the retention of the lattice framework initidy present 
in the solid acids containing the Keggin anions, as depicted in Figure 1.3. The XRD 
spectnim for the AgPMo salt could not be indexed according to the cubic Pn3m space 
group and it is doubtfkl that the anticipated lattice structure was maintained. 
Table 2 3  - Data from indexed powder XRD patterns for parent acids and 
stoic hiornetric salts. 
' Reference 4(a). 
b References 2,3. 
' Reference 4@) 
1ndexi.g of the XRD patteras pennitted the lattice parameters (ao) to be calculated. 
(Table 2.3) Despite the thallium(I) cation having a larger diameter than the sSver(I) 
cation, the iattice parameter was consistently smaller for the thallium salts than the silver 
salts of the correspondhg acid. The lattice parameter appeared to be unaffected by the 
nature of the anion. Both these lattice parameters are smaller than those reported for the 
pure heteropoly acid~,**~~*) although the degee of hydration has been noted to have an 
effect on these values. it was assumed that less water is associated with the saits, 
compared to the parent acid, due to the replacement of the protons by nonhydrated 
cations. 
It has been previously noted that the ratio of the intensity of two indexed peaks in 
the XRD spectnim, 011 10u[222]), decreases with the presence of micr~pores.~~ The 
peak indexed as [Il01 refers to the plane containing the temiinal oxygen atoms of the 
Keggin anion while the peak indexed as [222] is the most intense peak in the spectrurn. 
As discussed in Chapter 1, in the solid sate the terminal oxygen atoms of the Keggin 
anions are hydrogen-bonded to the hydrated proton of the heteropoly acid. Substitution of 
a larger cation for the proton in the solid fom of the salt causes the Keggin anions to be 
forced further apart f?om one another by rotation and translation, opening up the 
interstitial voids to fom a microporous structure. As a result, fewer temiinal oxygen 
atorns raide in the [Il01 plane, therefore decreasing the intensity of this peak in the XRD 
spectnun. As sufnmarized in Table 2.3, the ratios of peak intensities have decreased 
signiticantly with the incorporation of the cations into the salts. The smaIler ratio 
observed for the thallium salts indicates that the sue of the cation may be an important 
factor in establishing the microporous In contrasf the elernental 
composition of the anion appears to play a Iess significant role.") 
Figure 2.3 contains the N, adso'ptiondesorption isotherms for the stoichiometric 
AgPW and TlPW salts. The nitrogen adsorptiondesorption isottiemis of ali of the salts, 
except that of the AgPMo salt, depia the sharp initiai rise at low relative pressures, 
indicative of the presence of micropores. The absence of a hysteresis lwp at the higher 
relative pressures serves as an indication that few, if any, mesopores are present The 
surface area for these salts, as determined by application of the BrunauedEmmMeUer 
@ET) the~q?~  to the adsorption isothemi, are summarized in Table 2.4. A detailed 
discussion of the analysis of an adsorption isotherm by the BET method is provided in 
Chapter 4 (Section 4.3). As noted in Table 2.4, the relatively large values for the G, 
parameters and reduced range of Linearity of the fit to the BET equation d s e r  h m  those 
which are typicaily observed," and are indicative of the presence of micropores. AU the 
O 0.1 0 2  0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Relative Pressure (PiPo) 
1 Adsorption Desorption ( 
Figure 23 - N, adsorption-desorption isothemis for Ag3PW,,0, and n$W&4* 
Table 2.4 - Summary of d a c e  areas and C& parameten for parent acids and 
stoichiometric salts 











' Range of linearity for fit of the infuite layer BET equation. 
Number of adsorbate layers nom finite layer BET relatiouship (Equation 2.3). 
' Constant &om the infinie layer BET equation. 
d Surface area detemiined fkom the in.fi.de layer BET equation. (mZ/g) 
' SurFace area detemiined h m  t-plots. (m2Jg) 
f Micropore volume. ( m g )  
Mean micropore radius. (À) 
Reference 5. 
salts, except AgPMo, have high surface areas, increasing at least an order of magnitude 
nom the surface areas recorded for the pure acids.' 
The d a c e  areas (SJ were also calculated from t-plots, using the method of 
Ledoux and pirard3' for cabration purposes, (Table 2.4) and are in good agreement with 
the values obtained by the BET method. The thallium sala of 12-tungstophosphonc and 
1 %moly bdophosp honc acids have greater surface areas than the andogous silver salts 
while the salts of 12-tungstosilicic acid show the reverse trend. This dflerence may be 
attributed to the requirement of four equivalents of the cation in the 12-tungstosilicic acid 
as contrasted with three equivalents for the remaining two acids. The incorporation of the 
extra cations into the lattice may be affected by the larger size of the thallium cation in 
the case of the 12-tungstosilicic acid, counterahg the creation of the microporous 
structure. 
The finite layer BET relatiooship (Equation 2.3) was fitted to the adsorption data. 
The values of N,, the moles of nitmgen which form the monolayer, and G, were 
detemined by the infinite layer BET relationship whiie x and N refer to the relative 
pressure (PRo) and moles of nitmgen adsorbed, respectively, in the N, adsorption 
isothem. A nonhear regression was perfonned to d e t h e  n, the maximum atîainable 
number of adsorbate layers, summarized in Table 2.4. The values reported for n were l e s  
than 3, and are consistent with the presence of a miroporous structure. It has been noted 
previ~usly>~@) that within a series for a specific solid acid, the value of n increases with 
the increase of the cation diameter. Our data are consistent with this observation. 
The MP methoa6 was employed to generate the micropore size distriiution fiom 
the data plotted in the t-plots. Values for the micropore volume and pore size 
distributions are a fùnction of the hydraulic radius; however, witb heteropoly 
oxometalates, the assumption is made that the pores are cylindrically shaped and the 
hydraulic radius (rJ is equal to one half of the cylindrïcal radius." The calculations and 
construction of the t-plots and pore site distniutions reflect this assumption. The volume 
of the micropores (V,) can be esthated fiom the t-plots by extrapolating h m  the h e a r  
pressure region of 0.4 < P/P, < 0.6 to obtain the y-intercept while the mean micropore 
radius (r,) was calculated by the MP method. (Table 2.4) Chapter 4 provides an 
explanation how rb is calculated (Section 4.3). 
The pore sue distribution plots (Figure 2.4 shows TlPW as an example) generauy 
consisted of one major peak and are typical of the distributions previously observed for 
microporous salts of the heteropoly acids." Consistent with the larger surface area, the 
thallium salts have a slightly larger pore diameter and larger micropore volumes than the 
Figure 2.4 - Pore size distribution for thallium 1 2-tungstop hosp hate for various preparative 
stoic hiornetries. 
analogous silver salts for the 12-hingstophosphoric and 1 Zmolybdopbosp horic acids. 
(Table 2.4) This correlates with the lower ratios of the XRD peak intensities of 
I[llOILi[222] for the thallium salts in cornparison to the silver salts. In conûast, the 
thailium and silver salts containhg the 12-hingstosilicate anion have similar values. 
The microporous structure and surface areas are consistent with those previously 
reported in the literature, except for AgPW. The surface area for this salt has been 
previously reported in the literature as  2 *('' - 3 *) m2/g. The significant difference 
between these and the values obtained in the present work could be attributed to the 
method of synthesis used. Previous procedures for synthesizing the salts of the heteropoly 
acids involved k i n g  aqueous solutions of the acid and the carbonate salt of the cation, 
foming the precipitate of the insoluble salt, followed by evaporation to drynedg The 
present method isolates the precipitate by gravimefric filtration rather than evaporation. 
This is believed to minimize the presence of peripheral impunties on the solid by washing 
away excess reagents . 
2.3.2 ReproducibiZity o f  Surface Area and Mean Micropore Radii Measuements. 
To v e e  the reproducibility of the s h c e  area calculated by the BET rneth~d'~ 
and b m  the t-plots, using the method of Lecloux and ~irard~'  for calibration purposes, 
two samples of the thallium salt of 12-tungstophosphoric acid were synthesized 
according to the procedure outlined in Section 2.2.1. Nitrogen adsorption isotherms were 
obtained for five independent aliquots of each of the two samples and the resulting surface 
areas are summarized in Table 2.5. The mean micropore radii are included, calculated by 
the M P  method? 
'Ine standard deviation associated with each average surFace area value indicates 
the two samples are within experimental mor of one another. A t-test9 performed on the 
data revealed that there is no sigdicant difference between the average values of $ ,  S, 
and r, obtained for each of the two samples. More notably, there was no statistical 
difEerence between the average values of the surface areas calculated by the BET method 
and fiom the t-plots. 
It can be concluded that the microporous structure created in the TLPW salt is 
Table 2.5 - Replicate triais in measuring the surface areas and mean micropore radü 
of TL,PW,,O,. 
Trial Sample #1 Sample #2 
1 130.2 131.5 8.1 127.1 126.1 8.2 
2 128.6 129.6 7.8 128.8 127.6 7.8 
3 128.1 128.6 7.9 2 30.6 130.0 7.9 
4 129.1 128.7 7.8 130.3 130.4 7.9 
5 128.7 127.9 7.9 128.8 127.8 8.0 
Average 128.9 129.3 7.9 129.1 128.4 8 .O 
Std. Dev. 0.8 1.4 O. 1 1.4 1.8 O. 1 
reproducible by the prqarative method ernployed and data obtained fiom nitmgen 
adsorption isothenns, used to characterize the mimporous structure, are consistent 
between rep iicate triais. 
2.3.3 Effects of Reaction Parameters on the Resulting Surface and Bulk Properties. 
Preparations of the AgPW and TLPW salts at various temperatures were also 
carried out to evaluate the effect of temperature on the salt's resulting structure. (Tables 
2.6 and 2.7) The sarne synthetic technique and mixing times were maintained, with ody 
the temperature being varied between O OC, room temperature (25 OC), and 60 OC. The 
three temperatures examined for the AgPW salt produced rnarked changes in surface area 
and micropore volume; a maximum value was obtained for the salt synthesized at roorn 
temperature. The relatively low d a c e  area and micropore volume at O OC could be 
attributed to the low solubility of the salt, causing it to precipitate quickly out of solution, 
thus trapping impurities, a rationalkation consistent with the lack of dependence of mean 
micropore radii (r,) on the preparative temperature in contmst with the micropore volume 
) The higher temperature of 60 O C  may contribute to the degradation of the sait, 
but to a lesser extent than the higher temperature used for evaporation (100 OC). The 
TLPW saloj prepared at the three different temperatures appear to be relatively unaltered 
by the temperature variation. For both types of salts prepared at various temperatures, no 
variations in the powder X .  pattern (with the measured lateice parameter, 5, or 
I[110]/i[222D are evident. 
Table 2.6 - Characterization of the mimporous structure of Ag,PW,,O,. 
Temperature of Preparation a, (m2/g) G, V, ( d g )  r, (A) 
("Cl 
' Salt isolated b y evaporation. 
Reference 4(a). 
Table 2.7 - Characterization of the microporous structure of ïï,PW,,O,. 
Temperature of Reparation %, (m2/g) G, V, (mUg) r, (A) 
("Cl 
' Salt isolated by evaporation. 
Reference 40. 
Three ratios of the amount of cation to acid (0.85, 1.00, 1.15) were used in the 
synthesis of each sait except with AgPW and TlPW where five values were employed 
(0.50, 0.85, 1.00, 1.1 5, 1 S0). The preparative reagents were employed in stoichiometric 
Table 2.8 - Yields (%y in the synthesis of the stoichiometnc and nonstoichiometnc 
salts. 
Salt 
" Based on the initial arnount of 12-beteropoly acid used. 
b Cation:Proton ratio. 
amounts or with an excess or deficit of the reagent supplying the cation, while keeping the 
arnount of water and acid constant. As expected, the yields by mas (based on the 
amount of acid initially used in the synthesis) increased with the increase in the amount of 
cation used in the synttiesis. (Table 2.8) Filtration, in contmst to evaporation, is believed 
to remove a portion of the unreacted reagenîs (either the excess acid or cation, depending 
upon the ratios used), in particular those on the sunace of the precipitated particles. 
The thallium salts are generally produced in a greater yield than the andogous 
silver salts of a particular acid, probably due to the lower solubility of the foxmer salts. 
Some of the yields for the thallium salts were slightiy larger than 100%, when an excess 
of the cation was used. These values are within experimental error, although the viscous 
nature of the mixture containhg the precipitated sait may have prevented ail of the 
unreacted reagents fiom being removed by filtration. 
The changes in surface area (Lg,) of the salts, with relative amouats of a given 
cation, were smaller than those previously reported for ammonium salts4' uable 2.9 and 
Figure 2.5) The thallium salts generaUy have a larger surface area and the maximum %m 










0.50 0.85 1.00 1.15 1 -50 
Cation: Proton 
Figure 2.5 - Swfkces areas &,) of the (a) silver and (b) thallium salts for various 
preparative stoic hiometries. 
Table 2.9 - Surface areas (&) of the stoichiometric and nonstoichiomeiric sdts. 
Salt 
- - - 
" Cation:Proton ratio. 
impurities trapped in the precipitate during the filtration due to its viscous nature. With 
the 50% deficit of the cation, a rnariced decrease now appeared for both the silver and 
thallium salts of the 12-tungstophosphoric acid. With a 50% exces of the cation, the 
AgPW salt maintained a consistent surface area while the analogous thallium salt showed 
a significant decrease in the surface area. 
As iilustrated in Figure 2.4, the pore sue  distniution for the salts remain virtually 
unchanged, despite the variation of the cation:proton ratio in the synthesis. The mean 
micropore radü (r,) and the powder )(RD patterns (the lattice parameter (a,,) or 
I[110]A[222]) remain s idar  with the relative amount of the cation employed in the 
preparation of the salt. However, the micropore volume (V,) foiiows the same trend as 
previously discussed with the SB, observed for the various salts. in general, the largest 
micropore volumes for a given salt are obtained with stoichiometric quantities of the 
preparative reagents. 
Temperature-prograrnmed desorption (TPD) experiments were perfomed on the 
salts to confimi the presence of residual protons. Previous TPD experiments in this 
laboratory have shown that the 12-heteropoly acids desorb water in two temperature 
ranges. Water held in ihe solid structure by hydrogen bonding desorbs between 423K and 
39 
473K The higher temperature peak (between 623 and 773 K) results for the associative 
desorption of H,O formed f?om the extnction of anionic oxygen atoms by the protons.42 
Initial results indicated that the relative amounts of the residual protons decreased with the 
increase of the cation ratio for the silver and thallium salts examined. 
'H MAS NMR spectra were obtained for the TLPW salt series. (Figure 2.6) With 
an increase in the amount of cation used in the synthesis, the relative peak area attn'buted 
to the residual protons decreased. The chemical shift for the protons in the pure 12- 
tungstophosphonc acid has been reported at 6 = 9.6 pprnP3 With an increase in the 
amount of thallium cation used in the synthesis, this resonance shifk upfield, reflectiug a 
change in the chemical environment of the residual protons. From the spectra, it was 
concluded that only one type ûf salt was being fomed. It should be noted that peaks 
were overlapped with a very broad peak attributed to the presence of water. This is not 
evident in the srnaIl chemical shifi range presented in the Figure 2.6. 
The chernical shifi for the protons in the pure 12-tungstosilicic acid, HSiW, has 
been reported at 6 = 10.9 ppm? For each of the two salts of the 12-tungstosilicic acid, 
AgSiW and TlSiW, two peaks upfield of the pure acid resonance are present in the 
spectnim; they appear to change in relative intensities as the amount of the cation is 
increased for the salt synthesis. (Figure 2.7) At this time it is not possible to detemine 
whether the two peaks maintain theu relative intensities while interchanging positions, so 
that the resonance M e r  upfield shifts downfield with an increase in the cation ratio and 
the resonance furthest downfield sWts upfield, or a change in the product distn'bution is 
occuning. The spectnim of the AgPW salt has two resoaances (Figure 2.8) a smaU broad 
resonance which appears to move d o d e l d  with the increase in the cation ratio, and a 
larger, more intense peak shifting upfield with the change in the cation ratio. Again, the 
change in the chemical sh& is not sufficiently large to detemiine whether the two peaks 
in the spectra of the 12-tungstosilicate salts are changing positions or a change in the 
product distribution as the cation to acid ratio is varied has occurred. Only the TlPMo 
salt reflected the same trend as the TLPW salt, with the chemical shift of a single 
resonance shifting upfield with the increase in the cation to acid ratio. (Figure 2.8) The 
chemical shifk for these resonances are aiso upfield of those reported for the protons h 
Figure 2.6 - 'H MAS NMR spectnim of Ti,PW,,O, for various preparative stoichiometries. 
(a) AgSiW 
Figure 2.7 - 'H MAS NMR spectra of A&SiW ,,O, and Ti$iW,,O, for various preparative 
stoic hiornetries. 
(b) TlPMo 
Figure 2.8 - 'H MAS NMR spectra of Ag,PW ,,O, and Tl,PMo,,O, for various preparative 
stoichiometries. 
2.3.4 Churacterkarion of Sugface und Bulk Properries of MU-ed Sak. 
In Section 2.3.1 the observation was made that the salts of 12-tungstophosphonc 
and 12-molybdophosphoric acids containing thallium had larger surface areas t 'an the 
analogous silver salts while the salts of 12-aingstosilicic acid showed the reverse trend 
However, it was observed in Section 2.3.3 that the mimporous structure of the AgPW 
salt was dependent on the temperature at which the synthesis was camied out. As a result, 
a direct comparison between the surface areas could not be made for the silver and 
thallium salts of either acid. To obtain a correlation of the cation diameter and the 
resulting microporous structure, d e d  stoichiometric saib were synthesized, containing 
different molar ratios of the silver and thallium catious. 
The mixed salts of 12-tungstophosphoric acid were synthesized under identical 
reaction conditions used for the pure thallium salts. Table 2.10 contains a summary of the 
data characterizing these salts. Subscripts in the mked salts indicate the relative mounts 
of the silver and thallium cations used in the preparation. (Equation 2.1) For comparison 
purposes, data for the AgPW salt synthesized at room temperature are also provided. 
The solubility of the salts appear to be unaffected by the amount of thallium used 
in the synthesis. With the gradual increase in the thallium content of the salt, both the 
lanice parameter and the ratio of 1[110]11[222] peaks decrease. In cootmt, the surface 
area appears to nearly double with each incremental increase of the thallium until a ratio 
of 1:2 for Ag:n is used to synthesize the salt This value is similar to the measured 
surface area of TLPW. 
The salts of 12-tungstosilicic acid required four equivalents of the cation (Equation 
2.2) so that the mixed salts were synthesized under the identical conditions as the rnixed 
salts of 12-hingstophosphoric acid. It shoulci be noted that the pure AgSiW salt was not 
synthesized at 60 OC, but data for the salt synthesized at 25 O C  was included for a 
comparison. (Table 2.1 1) 
In contrast to the rnixed sa16 of 12-tungstophosphonc acid, the yield of the mixed 
salts of 12-tungstosilicic acid appeared to be affected by the ratio of silver and thallium 
Table 2.10 - Characterization of mked stoichiometric saits of 12-tungstophosphoric 
acid." 
AgPW A g m W  AgTl,PWb TlPW 
Yield (%) 93 91 88 98 
(95)' 
' Preparative temperature of 60 O C .  
Subscripts denote the relative arnounts of cations used in the synthesis. 
' Values in parentheses are for salts synthesized at 25 OC. 
cations, becoming more insoluble as the thallium content increased. The ratios of the 
indexed peaks in the powdered XRD patterns (1[110]/I[222]) indicate a microporous 
structure present in all of the salts and, similar to the rnixed salts of HPW, there is a 
decrease in this peak ratio and lattice parameter with the increased relative amount of 
thallium used to rnake the salt. 
It is apparent that the microporous structures of the silver salts of HSiW are more 
sensitive to the reactioo temperature than the analogous sala of HPW. Aithough the 
Table 2.11 - Characterization of the mixed stoichiometric salts of 12-tungstosilicic 
acid." 
AgSiW A ~ , T I S I ~  ~ g , n , S i W ~  AgTi,Siw TlSiW 
Yield (%) 
' Preparative temperature of 60 OC. 
Subscripts denote the relative amounts of cations used in the qmthesis. 
' Values in parentheses are for saits synthesized at 25 OC. 
effects of the preparative temperature were not investigated with the stoichiometric 
AgSiW salt, the veiy low surface area for AgJlSiW indicates that a similar value would 
most likely be obtained for the pure AgSiW salts synthesized at 60 O C .  An increase in 
the thailium content is reflected by the increase in the rneasured sunace area of the salt 
For ail of the mixed salts, the IR spectra confimied the presence of intact Keggin 
anions. Since the saIts are aiI made at an identical reaction temperature, the effect of the 
increase in the average cation size directly related to increases in the surface area and 
micropore volume of the salts is c o d e d .  
2.3.5 Charucterkution of Surface and Bulk Pmperties of Ces& Salk 
In the synthesis of the sa16 containing the monovalent alkali metal cesium, 
C%PW,,O, (CsPW) and Cs,SiW,,O, (CsSiW), the structure of the Keggin anion and its 
orientation in the iattice structure were maintained. This was confümed by idked  
spectroscopy and powder XRD techniques. The rnicroporous structure formed in the 
stoichiometnc CsPW and CsSiW salts has been weU characterized and reported in the 
Iiterature.qam) However, these salts had been isolated by evaporation of the aqueous 
phase. As observed with the analogous thallium salts (Section 2.3.3), isolation of the 
CsPW and CsSiW salts by filbation had a minimal effect on the micropore structure; 
simiiar values were obtained in the measurements of surface and bulk characteristics. 
(Table 2.12) 
Table 2.12 - Characterization of the stoichiomeîric cesium salts. 
Sample 1 a, n G m  %m S t V*ip rFp 
I,, (A) (m2/g) (m2M ( d g )  (A) 
' Reference 4(a). 
Reference 4(b). 
A marked decrease in the 1[110]A[222] peak ratio fiom that observed with the pure 
acids (Table 2.3) and an inaease in the surface areas were the first indication of the 
microporous structure. Of the silver(i), thaKum(l) and cesiumO cations, cesium has the 
largest diameter. This is reflected in both types of cesium salts having the largest s h c e  
area and mean micropore radü for a senes of cations with a given acid. (Tables 2.4 and 
2.12) 
Three cation-to-proton ratios were used in the synthesis of each cesium salt (0.85, 
1.00, 1.15). As expected the yields (based on the amount of acid initially used in the 
Table 2.13 - Characterization of cesiurn saits of 12-tungsto~hos~horic acid. 
Preparative S toic hiometry " 
Yield (%) 98 
1[1 lOyI[222] 0.25 
' Cation:Roton ratio. 
synthesis) increased with an increase in the amount of cation used in the synthesis. 
(Tables 2.13 and 2.14) The changes in the surface area (S,,) in the two series with the 
relative arnounts of cesium were again smaiier than those previously reported for the 
ammonium salts4' with the maximum nuface area obtained with the salts synthesized with 
an excess of the cation, although the diffaences between the three preparative 
stoichiometries are relatively sfnaii. However, the Surface areas for the sa16 made with a 
stoichiometric amount and an excess of the cesium cation are vely similar. Similar 
surface areas of two of the CsPW saltç have been reported." îhe mean micropore radü 
(r,) and the powder XRD patterns (the lattice parameter a, and 1[11011[222]) remain 
vUtuaUy unchanged with the arnount of the cation employed in the preparation of the salt, 
although there is a slight decrease in the mean mimpore radius as the cation:proton ratio 
increases for the CsSiW series. (Tables 2.13 and 2.14) As noted with the silver and 
thaiiium salts, the micropore volume (V,) follows the same trend as discussed with the 
h, observed for the various salts. 
'H MAS NMR Spectra were obtained for the three stoichiometries (0.85, 1.00, 
Tabte 2.14 - Characterization of cesium saits of 12-tungstosilicic acid. 
Yield (%) 91 
I[l 1 O]A[222] 0.2 1 
" Cation:Proton ratio. 
1.15) of the CsPW and CsSiW salts. (Figure 2.9) For both salts, the resonance for the 
residual protons is shifted upfield fiom that which is observed for the pure acids (6 = 9.6 
pprn for HPW and 6 = 10.9 ppm for HSiW)? The resonance continues to shift upfield 
with the increase in the amount of cesium used in the synthesis. As observed with the 
TLPW senes (Section 2.3.3), with the increase in the amount of cesium cation used in the 
synthesis, the relative area athibuted to the residual protons decreased for both cesium 
salts. 
Consistent with the TïSiW and AgSiW salts, two peaks are present for aii three 
ratios of the CsSiW salt examined, although the relative intensities within each spectrum 
do not change with the increase of the cesium content. In contrat, the 0.85 CsPW salt 
has a shoulder present which disappears and the resmance becomes sharper when a 
stoichiometric or excess amount of the cation is used. The relative area calculated for the 
stoichiometric salt is 16s than that calculated for the salt with a cation to proton ratio of 
0.85, due to the broadness of the latter peak. In ail spectra the peaks observed were 
overlapped with a very broad peak atûibuted to the presence of water, which is not 
(a) CsPW 
(b) CsSiW 
Figure 2.9 - 'H MAS NMR spectra of CF,PW,,O, and Cs,SiW,,O, for various preparative 
stoichiometries. 
evident in the small chernical shift range present m Figure 2.9. 
2.4 Discussion 
Characterization of the salts provides evidence for the presence of micropores in 
aU of the salts synthesized, except for AgPMo. This was not unexpected since it has been 
previously reported that the silver cation has a tendency to degrade the 12- 
molybd~pho~phonc Keggin unit,'' which is consistent with the loss of integrity of the 
Keggin anion indicated by the innared spectrum and the absence of the characteristic 
Pn3m pattern in the powder XRD pattern. 
From the powder XRD patterns of the remaining five salts, it is postulated that the 
cations are occupying the positions in the solid structure previously occupied by the 
protons, as depicted in Figure 1.3. The smaller laaice parameter (ao) measured for these 
substituted salts, in cornparison with the pure acids, c m  be atîributed to the fact that the 
cations substituted into the structure may not be hydrate4 as the protons are, so that the 
repeating unit in the stmcture is smalier due to the loss of water. 
It can be concluded that microporous structure can be created with both silver and 
thallium cations and by extrapolation, fiam any cations of 1B and 3B groups and 
therefore is not restricted to salts of the alkali metals. The larger thallium cation 
presurnably permits the Keggin anions to rotate and translate within the lattice structure, 
removing the baniers between the interstitial voids, and creating larger chamels through 
the lattice. This is evident with the thallium sala which have a greater surface area, 
micropore volume, and mean micropore radius, than those found for the analogous silver 
salts and the cesium salts having the largest surface area, micropore volume, and mean 
micropore radü of the three cations examined. The increase of the surface area and 
micropore volume, as the thallium content in the mixed salts of Ag3,T4PW,,0, and 
Ag,XTL$iW,,O, is increased, also reflects the correlation between cation diameter and the 
resulting micropore structure. 
As noted in Table 2.3, the relative intensities for the indexed peaks of [l IO] and 
[222] (Ir11 O]A[222]) are srnalier where a microporous structure is present. It has also 
been noted that an inverse relationship exists with the micropore volume OI,) and the 
Figure 2.10 - Micropore volumes and XRD 1[110v[222] ratios for stoichiometric silver and 
thallium salts of HPW together with values reported earlier for other cations." 
52 
relative intensity, I[110]A[222], for microporous salts.' As iilustrated in Figure 2.10, the 
data for the silver(I) and thallium0 salts are in good agreement with other salts 
containing monovalent cations. The inverse relationshrp between the micropore volume 
and I[110fl[222] is quite apparent, confimïng the presence of a microporous structure for 
these salts. 
The direct relationship of the cation diameter with the surFace area of the salt 
produced bas been previously noted for salts synthesized with other monovalent 
cations.*a*) The dependence on the cation diameter is clearly evident in Figure 2.11. 
The data for the salts containing the silver and thallium cations correlate weil with 
previous data of the sa16 containing monovalent cations, including cesium, indicating that 
the larger cations facilitate Iarger pores, created by rotation and translation of the Keggin 
anions. 
Revious work in the laboratory has proven a direct relationship between the mean 
micropore radius (r,) and the value of n, the number of adsorbed monolayers determined 
by the f b t e  BET equation,"Mc)Jd' as would be expected where microporous smctures are 
present When N, is the adsorbate, adsorption layer thickening will ultimately cause aii of 
the micropores present in a solid to be fUed cornpletely. For a given anion, the value of 
n increasa with the increase in cation diameter. The present results for silver and 
thallium salts are also consistent with this correlation. (Figure 2.12) 
The unexpected high surface area of the AgPW in cornparison to previous 
Litentute reportsqauY" rnay, at les t  in part, be attnbuted to the separation of the 
precipitate by filtration, in contmst to the somewbat higher temperatures as previously 
employed where the Liquid phase was removed by evaporation. However, cbaracterization 
of the AgPW salt isolated by evaporation indicated no evidence of the degradation of the 
Keggin anion stnicture as found with AgPMo, possibly refiecting the higher themal 
stability of the tungsten-containhg anion. Although low microporosity and low surface 
area were noted, unexpectedly a low I[110]/I[222] ratio was present in the powder XRD 
pattern?) It was concluded that the anion orientation is favourable for micropore 
formation, but the width of such pores is not sufficiently large to allow penetration by 
niû-ogen molecules at 77 K$" thus resulting in the low surface area measured. Further 
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Figure 2.1 1 - Surface areas and cation diameters for the silver and thallium salis of the three 
heteropoly acids. Values obtained previousli are iucluded for comparison.'-' 
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Figure 2.12 - Mean micropore radü venus number of laym (n) h m  finite layer BET 
equation for silver and thallium salts of the three acids with cornparison to 
eariier values? .I 
investigations concluded that the AgPW sait  is sensitive to the temperature at which it Ïs 
synthesized, and that the evaporation method enhances the trapping of impinities in the 
isolated soiid, thus blocking the channels created by the microporous structure. The TlPW 
salt is not affected by temperature to the same extent 
A significant decrease in the s d a c e  area was previously observed for the 
ammonium salts synthesized with a stoichiometric deficiency of the cation and which 
were isolated by evaporation? However in the present work, the salts isolated by 
filtration show a less pronounced shift in the surface area. %'hile it is tentatively 
concluded that filtration, in contrast to evaporation, may rninimize the concentration of 
peripheral impwities on the solid, the differences in microporosity are difficult to 
rationalize on tbis basis. 
A study of various monovalent salts of 12-molybdophosphoric acid, by x-ray phase 
analysis (XPA) and x-ray photoelectron spectroscopy (XE'S), revealed that in some cases a 
two-phase solid resulted wben isolating the salt by evaporation." The potassium 0, 
cesium (Cs3 and ammonium (NH,') salts of 12-molybdophosphoric acid are not soluble in 
water, and upon an addition of the cation, in a 67% deficit of the cation to acid ratio, a 
precipitate of the trkubstituted salt fonns. When drying the mixture by evaporation, the 
unreacted acid, left in solution, is adsorbed oato the insoluble salt particles, forming a 
second layer. This outer layer of the pure 12-molybdophosphoric acid contributes to the 
low surface area obtained for these salts. In the present work filtration îs believed to 
minimize the fornation of an outer layer on the trhbstituted salt This may explain the 
Iarger surface area characterked for AgPW isolated by filtration, in cornparison to that 
separated by evaporation. However, as has been pointed out in earlier ~ o r k ~ ~ " '  
precipitation in the presence of either a deficit or excess of the cation would presumably 
trap the residual protons, in the fomer system, or the excess catiom, in the latter, within 
the crystaîlographic structure during precipitation and consequently lead to a blocking of 
the micropores and hence a decrease in surface areas. This phenornenon could be 
perceived as the formation of a solid solution rather than that of two phases. 
Although surface areas and mean rnicropore radü show Little or no dependence on 
the relative quantities of the preparative reagents, the mean micropore volumes for a given 
salt are generally at a maximum where stoichiometnc qwtities of the preparative 
reagents have been empioyed. Where the cations are present in deficit, residual protons 
may block the channels whereas with excess catioos these produce the same effect Both 
the resulîs of TPD experirnents and 'H MAS NMR spectra indicate that residual profous 
are present in the solids. 
The 'H MAS NMR spectra of the TlPW and TLPMo show only one chemical 
environment for residual protons in the lattice fhmework while the other salts were noted 
as having two different environments. The latîer may result &om two diffant  
stoichiometries of the salt coprecipitating simultaneousiy due to similar solubility hnits in 
water. With changes in the amount of cation used in the synthais, one stoichiome~ may 
be preferentialiy formed over the other. Altematively, only one stoichiometry of the salt 
may be formed but the residual protons are capable of residing in more than one site in 
the expanded fom of the lattice fhmework, depicted in Figure 1.3. These sites, within 
the lattice structure, may difFer slightly in chemical environment depending upon the 
number of cations substituted into neighbouring sites. With an increase in the ratio of 
cation to acid used in the synthesis, one site may become prefened over the other by the 
residual protons, accounting for the change of peak intensities and cir ihg chemical shifts 
recorded. The Iatter rationalization can accouat for both the drifts of the chemical shifts, 
especiaily when only one peak is present in the spectnun (as with TLPW and TLPMo), and 
the change of peak intensities in the spectnim with the variation of the cation to acid ratio 
used in the synthesis. If two dif'ferent stoichiometries of the salt were being fomed, the 
resulting spectra for the powder X R D  patterns would be expected to indicate the 
amorphou nature of the isolated solid. 
As noted earlier, 12-tungstophosphoric acid has a chemical shift of 9.6 ppm43 while 
1 2-tungstosilicic and 1 2-molybdophosp horic acids have chemical s hifh of 1 0.9 ppm4' and 
7.4 ppm4, respectively. AU of the salts examined have smaller chemical shiRs. indicating 
that replacement of the protons by the monovalent cations is affecting the environment of 
the protons remaining in the structure and their acidity. Although quantitative details have 
yet to be clarified, it is currently believed that increases in the protium chemical shifi 
correspond to increases in Bronsted acid ~ t r en~ th . "*~  A number of arguments have been 
presented in support of the suggestion that the chemical shift can serve as a measure for 
acid ~trength."~ This was initially obsemed in zeotites where the acidic strength of the OH 
group correlated strongly with the chernical shift of their protons in 'H MAS NMR." 
Hence, the smaller protium chemical shifts observed in the present work cm, at least 
tentatively, be interpreted as indicative of decreased acidic w g t h s  of the residual 
protons in the cesium, silver and thallium salts. Although the source of this effect is 
unclear and wiU be examined in more detail in Chapters Five and Six, two possibilities 
can be advanced. The heavier cations may have a direct effect on the hydrogen atoms by 
theu occupation of sites neighbouring the protons in the lattice or, altematively, an 
indirect effect through perturbation of the electron densities of the teminal oxygen a t m  
in the Keggin anion, with which the hydrogen atoms are associated and, consequently, a 
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CHAPTER 3 
Svnthesis and Characterization of C o ~ n e r m  and C o ~ ~ e r m  Salts 
3.1 Introduction 
As discussed in the preceding two chapters, high surface area, micropomus solids 
have been fomed for 12-heteropoly oxornetalate sdts containing monovalent cations of 
either alkali metais or ammonium.'" The kamition metal elements of siiver(I) and 
thalIium(I) also successfuily fotm mioporous structures in salts containing the Keggin 
anion, as evident in Chapter TWO? The successful preparation of a rnicroporous solid 
containing the silvefl) cation suggests that it may be possible to form a salt containing 
the monovalent copperg) cation, aiso of group IB in the penodic table. If a niimpomus 
structure is present in the copper(I) salt, the efTect of changing the oxidation state h m  
C u 0  to Cu@) on the morphology of the salt could be examined. Of particular interest 
would be whether or not the microporous structure is retained as the oxidation state of the 
copper cation is increased. 
Characterization of the composition of the copper(Z1) 12-moly bdophosphonc salt 
(Cu,(PMo,,O&) was h t  examined by Thistleth~aite,~ who detemiined that the 
composition of the metal cation to anion ratio was 2.80 despite being prepared nom a 
solution containing three equivalents of base per mole of acid. This salt was investigated 
as a catalyst for the oxidation of butadiene6 and methacrolein,' dehydration of 2- 
p r ~ p a n o l ~ @ ~ ~  and the oxidative dehydrogenation of isobutyric acide9 It was proposed that 
the copper(LI) ions increased the redox ability of the catalyst by acting as an electron 
reservoir, providing a route for electroo delocalization, and to facilitate the transfer of 
electrom to the molybdenum ion 8i a reducing environment? However, in some systems, 
the copper(n) salt exhibited a decrease in t h e m l  stability in cornparison to the parent 
acidO6-'@) The copper(II) salt of 12-tungstophosphoric acid was explored as a catalyst in 
the dehy dration of 2-propanol' ' and 1 -butmol. l2 The isomerization of I -butene and ciî-2- 
butene were examined with the copper(n) salts of 12-tungstophosphoric acid" and 12- 
molybdophosphoric acid.I2 Dehydration of methanol was facilitated by the copper(II) salts 
of 12-hmgstophosphoric and 1 2-tungstosilicic acids, " along with the supported 
molybdenum-containing analogues of these saltd4 Aithough some of the surface areas of 
these coppe~QI) salts have been noted in pa~sing'(~~'~*'~*~~*~~ and the inhred spectmm of 
Cu3(PW,,0& re~ordeci,'~ littie or no characterization of the surface and bulk propdes 
has been carried out in order to explain the difFerences in the catafytic activity as 
compared with the parent acids. 
The introduction of a divalent cation wouid be difficult, if aot impossible, on both 
electrical neutrality and geometrical grounds. Investigations of the divalent alkaline earths 
sa16 of 12-heteropoly oxometalates proved unsuccasful in the establishment of a 
microporous structure16 and single x-ray dif5action studies revealed that the ~ a ' '  cation of 
the Bq(PW,,O& did not occupy the proton's position and there was no evidence of the 
divalent cation in the lattice network." McGarvey and Moffat concluded that the solids 
were mixtures of the 1 2-heteropoly acids and the divalent cations of the aikaline earth 
rnetal~.'~*'' As a resulf it is doubtful that the copper@) cation could be incorporated into 
the lattice structure with the Keggin anion. However the formation of a salt containing 
the monovalent copper cation may be possible. 
Reviously, in this laboratory, ion exchange had beeu performed with the salts of 
the 12-heteropoly oxometalates containing monovalent cations of aikali rnetals and 
ammonium." l e s e  salts were solids, insoluble in water, and the exchange occurred in a 
solid-liquid phase. Although 100% exchange of the cations could not be achieved, the 
resulting solid retained a microporous structure and high surface area. The extent of the 
exchange was dependent upon the relative sizes of the entering and leaving cations, with 
the maximum degree of exchange decreasing as  the radius of the cation io the solid phase 
inc~eased.'~ Since the copper(I) oxidation state quickly couverts to copper@) in waterig 
the synthesis of the copper@ salt of the 12-hingstophosphoric acid in an aqueous solution 
appears to be l es  than straightfonvard. 
Solid-sbte ion exchange appeared to proceed more readiiy than the conventional 
exchange in a suspension system for many zeoütes. Karge and Beydo have provided a 
review of cation incorporation into zeoiites by solid state reactions. Clearfield et aZS2' 
were the first to incorporate transition metal cations into partially exchanged sodium 
zeolites via solid-state reactions while ~ a b o *  examined similar reactioas with proton 
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containing samples of zeolites and halide salts, with the evolution of HCl(g). The 
technique involves h e l y  dispesed powders of the zeotite and the salt (preferably a halide 
or oxide) of the cation being mixed and heated, either in a strearn of inca gas or in a high 
vacuum. ïhe temperature required to achieve the required exchange depends on the 
nature of both ions." Solid state exchange was particularly usefùl for the incorporation of 
copper(I) cations into zeolites without significant change of the oxidation state of the 
copper(I) cation to either C u 0  or Cu(0). Previously copperO zeolites had been prepared 
by reducing the conventionally ion exchanged copperO zeolites with H,, Co or CO- 
NH3,L.'24 but it was difficult to control the extent of the reduction to maintain the cations 
in only the coppefl) state or maintain the structure of the ~ e o l i t e . ~  
The objective of this chapter is to prepare a high surface area, rnicroporous solid 
containing the monovalent coppefl) cation and to moLitor the effect of changing the 
oxidation state of the cation on the micropore structure. A method similar to the solid 
state ion exchange procedure reported by Spoto et al? was used to synthesize the 
copper(I) salt of 12-hingstophosphoric acid. The copper(I) exchange reaction was also 
canied out with ammonium 12-tungstophosphate, based on the report by Karge et al. that 
the copper(I) cation was successfûliy exchanged with the ammonium form of zeolite 
Salts of the three heteropoly acids (12-tungstophosphoric acid, 12-tungstosilicic acid, and 
12-mo~ybdophosphoric acid) containing the divalent copp@) cation were also 
synîhesized by the traditional method5-l4 to provide characterization of the d a c e  and 
bulk properties of the copper@) salts for cornparison. 
3.2 Experimental 
3.2.1 Synthesir 
12-Tungstophosphoric acid (H,PW ,,O,) and 12-huigstosilicic acid (H4SiW ,,O,) 
were obtained from BDH (Anala R Grade) while 12-molybdophosphoric acid 
(H,PMo,,O,) was purchased fi-om Aldrich. Copper(n) nitrate (Cu(NO,),-H,O) was 
obtained from BDH (Anala R Grade) while copper(n) carbonate (CuCO,Cu(OH)J and 
copperO chioride (CuCI) were purchased h m  Aldrich. Ammonium nitrate (NH,NO,) 
was obtained fiom Malliackrodt. The salts supplying the cations were used as received 
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while the acids were recrystallized prior to use. Helium and nitrogen were purchased 
h m  Praxair. 
The stoichiornetnc copper(II) salts of the three acids (abbreviated as CuPW, 
CuSiW and CuPMo, respectively) were synthesized h m  either copper@) nitrate or 
copper@) carbonate foliowing a procedure similar to the method used to synthesize the 
silver salts, as discussed in Section 22.1. The desired amount of copper(2T) nitrate or 
copper(II) carbonate, dissolved in 2.0 - 4.0 rnL of distilled deionized water, was added 
dropwise to an aqueous solution of the appropriate acid (=3g or -1 x IO-) mol), dissolved 
in 4.0 mL of distilIed deionized water. After permitting the solution to stir for ten 
minutes, at room temperature, a precipitate did not fom. The solution was transferred to 
a crucible with a minimum amount of water (2 x 2.0 mL) and then evaporated to W e s s  
over a hot water bath. The isolated solid was dried ovemight under a low vacuum at 
room temperature. 
The stoichiometnc ammonium salt of 12-tungstophosphoric acid was made 
foUowing the identical method as outluied for the synthesis of the silver(1) salts. (Section 
2.2.1) Since a precipitate formed with the addition of the ammonium nitrate solution, the 
salt was isolated by gravimetric filtration and dried ovemight under a low vacuum at room 
temperature. 
The stoichiornetric (Cu,P W ,O,) and deficit (Cu,HP W ,O,) copper(T) salts of 12- 
tungstophosphoric acid were prepared by a procedure based on the method used by Spoto 
et al. for zeolites? (Equation 3.1) Approximately 0.5 g of 12-tungstophosphoric acid was 
placed in a g las  flask, similar to the sample holder used for the nitrogen adsorption- 
desorption isotherms, equipped with a stopcock. The appropriate amount of CuCl(s) was 
added and the result was evacuated on a vacuum line (= 104 torr). After heating to 300 
OC for two hours, while maintaining a vacuum, the flask was cooled to room temperature 
for a M e r  hour. The sample flask was then transferred immediately to the nitmgen 
adsorp tion-desorp tion apparatus without exposure to air. 
This procedure was repeated with the use of the ammonium 12-hingstophosphork 
salt iostead of the pure acid and a stoichiometric amount of copper(I) chioride. The final 
modification to this experiment employed the acid or ammonium salt prepared by 
outgassing at 10' tari for two hom at 200 O C .  M e r  coohg to m m  temperature, a 
stoichiometric amount of copper(Q chloride was added to the flask and the soiid mixture 
was lef€ under vacuum at room temperature for one week. 
3.2.2 Characterkation Techniques 
I n h e d  specûa were recorded, f?om either nujol mulis or KBr disks of the salts, 
for the hgerprint region of the 12-heteropoly anions (2000 - 400 cm-') on a Bomem MB- 
100 FT-IR spectrometer. Powder X-ray difhction patterns were recorded on a Siemens 
D500 difictometer using CuKa radiation and a graphite monochromator, at 30 mA and 
40 kV. The samples were taken dûectly from the desiccator and the spectrum recorded at 
room temp mature. 
Nitrogen adsorption-desorption isothenns were measured on a standard volumetrk 
glas system as depicted in Figure 2.1. The experimental procedure followed to obtain the 
isothenn is described in Section 2.2.2 except that the pretreatntent was not perfonned on 
the samples firom the solid state ion exchange experiments with copper(I) chlonde. 
3.3 Results 
3.3.1 Charactekation cfSurface and Bu& Properties of Copper(Lr) Saltî 
Con- to the silver and thallium salts of the three heteropoly acids investigated, 
the copper(II) salts did not fom a precipitate with the addition of the copper(Q solution 
to the acid solution. Isolation of the salts by evaporation of the aqueous phase resulted in 
solids heterogeneous in colour. The coppe~@) salts of 12-tungstophosphoric and 12- 
tungstosilicic acids were blue and white in colour while saltî of 12-molybdophosphoric 
acid were green and brown. 
In the literature most of the copper(TI) salts of 12-heteropoly acids had been 
prepared using copper(TI) carbonate as a source for the copperO ions, 5-79- 14 since 
evaporation of the aqueous phase would permit the spectator carbonate ions to be rernoved 
in the form of carbon dioxide gas. However, with recent studies indicating that the 
integrity of the Keggin anion is dependent upon the pH of the solution," there was some 
concern that the addition of carbonate may cause the solution to become too basic. As a 
result, the nitrate salt of copper@) was also investigated. In syathesizing the salts, the 
coppe@) nitrate salt dissolved readily in water while the copper@) carbonate fomed a 
suspension. With the addition of the latter to the acid solution, bubbles fomed and the 
solution became clear afler several minutes of stimng. 
Idhred spectroscopy provides five characteristic bands for the Keggin anion in the 
region of 2000 to 400 cm'',28 hvo of which are the triply degenerate asymmetric stretch of 
the central atom-oxygen bond of the central tetrahedron (denoted as uaX-O)) and the 
asymrnetnc stretch of the peripheral atom and the terminal oxygen atom bond (denoted as 
u,(M-03). Cornpleting the set are two bands associated with the peripberal metal- 
oxygen-peripberal metal bonds, accompanied by some bending chamter." The higher 
fkquency, denoted as u,(M-O-M),, involves the peripheral atom-oxygen atom bridge 
between the octahedra in adjacent M,013 trimetalate units while the lower Eequency, 
u,(M-O-M),,, results fiom the vibration of the metal-oxygen-metal bridge between 
octahedra which share edges with one another within the same M3OI3 unit. 
The infrared spectra of the copper(n) salts, prepared as nujol m u h ,  contained 
characteristic bands of the Keggin anions in the regioo of 2000 - 400 cm-'.28 These are 
summarized in Table 3.1 and indicate that the structure of the Keggin anion is rnaintained. 
Figure 3.1 shows the spectra obtained for the copper(II) salts of 12-bingstophosphoric 
acid, using either copper(n) nitrate or copper(II) carbonate as the source of the copper@) 
cation. A slight decrease in the fiequencies recorded was noted for the central a t m -  
oxygen bond in the central tetrahedron (denoted as u,(X-O)) and the asymrnetric stretch 
of the peripheral atom and the temiinal oxygen bond (denoted as u,(M-03). The region 
containhg the intra and inter stretching bands for the periphed metal-oxygen-peripheral 
metal bonds, denoted as uJM-O-M), is very broad with Little definition. As a result, only 
the 6equency for the u,(M-O-M),, band could be assigned in the spectra. When the 
spectra were obtained for the sarne salts prepared as KBr disks, a band characteristic of 
the u(N0J antisymmetric ~ t r e t c h ~ ~  for the nitrate ion was present at 1380 cm-' for the 
salts made from coppe@) nitrate. (Figure 3.1(c)) This band was previously hidden by 
Figure 3.1 - Inâared spectra of copper(Il) 12-aingstophosphate. 
(a) f?om copper(n) carbonate (nujol muil); @) corn copper(II) nitrate (nujol 
muli); (c) h m  copper@) *te (KBr disk). 
Table 3.1 - Characteristic fkequencies h m  inn?ired spectra of parent acids and 
coppero salts. 
u (X-O) u,(M-0J u(M-O-M) u(M-O-M) S(0-X-O) 
inter intra 
HPW + 1.5 
cuco, 
HSiW + 2 
cuco, 
HPMo + 1.5 
cuco, 
' Reference 28(a). 
the bands associated with nujol. Two other characteristic bands for the nitrate ion are 
noted to be at 83 1 cm'' and 720 cm",29 which may have contnhted to the broadness and 
lack of definition associated with the region containing the two u,(M-O-M) bands for the 
salts made h m  copper(II) nitrate. The characteristic band for the carbonate ion was not 
present in the region of 1470-1 420 cm-':9 however additional bands associated with the 
carbonate ion may expiain the broadness present in the region containing the two u,(M- 
O-M) bands. 
The nitrogen adsorption-desorption isotherms were measured for the salts and the 
surface areas determined by the application of the BrunauerlEmmetVTeUer (ET) t h e ~ r y . ~ ~  
These are sumrnarized in Table 3.2, denoted as q,. AU of the salts maintained a low 
Table 3.2 - Su- of surface areas for parent acids and stoichiornetrk c o p p a o  
salts. 
Sample Yield (%) %m (m2k> 
" Reference 3 1. 
s h c e  area, sunilar to that observed for the parent acids,)' indicating a microporous 
structure was not present in these salts. 
It should be noted that the salts changed colour afker the temperature pretreatment 
of the samples. The copper@) salts of 12-tungstophosphoric and 12-tungstosiiicic acids 
prepared kom copper(II) nitrate turned lime green after heating at 200 O C  for two hours in 
vacuo, while the analogous salts prepared h m  copper@) carbonate tumed b r o k  Both 
sala containing 12-molybdophosphate tumed brown. Although no characteristic bands 
could be assigned in the infirared spectra for the carbonate ion, it shodd be noted that 
copper(II) carbonate decomposes on heahg in vacuo to f m  the correspondùig copper(i) 
salt, CU,O.'~ This could account for the differences in colour for the salts prepared with 
copper(II) carbonate in cornparison to those prepared with coppero nitrate for the same 
12-heteropoly acid. 
Powder x-ray diffhction patterns were obtained for the s u  salts and the spectra 
revealed that an amorphous solid was present in ail cases. Indexing of the XRD patterns 
according to the Pn3m space group proved to be difficult and those which had some 
similanties had fewer Lines that could be indexed. The laCtice parameter was detennined 
for only four of the salts, as denoted in Table 3.3. AIthough the lattice parameters are 
slightly d e r  than those reported for the pure heteropoly ac id~ ,"~'~ '~  the degree of 
hydration has been noted to have an effect on these values. 
Table 3.3 - Data h m  indexed powder XRD patterns for parent acids and 
stoichiometric copper(II) salts. 
Sample Lattice Parameter I [ 1 1 O] 1 I[222] 
a. (A) 
As discussed in Chapter 2, the ratio of the two peak intensities has been correlated 
with the presence of a microporous structure?' The [110] plane contains the temiinal 
oxygen atorns of the Keggin anions while the [222] plane is the most intense in the 
spectrum of 12-heteropoly oxometalates. To accommodate the larger cations, substituted 
for the protons, the Keggin anions m u t  move M e r  apart by rotation and translation. 
This shifting of the Keggin anions results in fewer temiinal oxygen atoms residing in the 
[Il01 plane, thus decreasing its peak intensity relative to the [222] peak in the powder 
XRD spectrum. However, for the coppero salts, the values of the I[110J/I[222] ratio are 
similar to the values obtained for the parent acids and do not show the large decreases as 
observed with the s i lvea and thallium(1) salts discussed previously in Section 2.3.1. 
This provides M e r  evidence that a mimporous structure was not obtained for the 
copper@) salts. 
3.3.2 Characten~arion of Swfae  and Bulk Properties of Copperm Sah 
To synthesize the copperO salt of 12-tungstophosphoric acid, a method of solid 
state ion exchange, modifiai h m  Spoto et was used Copper(I) chloride was rnixed 
with the acid in a stoichiometric amount and heated to 300 O C ,  under vacuum for two 
hours. (Equation 3.1) The resulting solid himed brown in colour, M a r  to the copperCn) 
salts during their pretreatment for N2 adsorption isothem, with lighter coloured flecks 
present in the sample. When the experiment was repeated with a 33% deficit of the 
cation, the same discolouration occurred. The reaction canied out at room temperature for 
one week gave a product light grey in colour, however, the lighter coloured flecks were 
still present 
After the temperature treatment had been carried out on the solid mixture, the 
reaction vesse1 was transferred to the nitrogen adsorption apparatus without exposure to 
air. Measurernents of the surface areas, determined by the application of the BET method 
to these is~themis,'~ were slightly lower than the value reported for the parent acid (Table 
3.4), indicating a microporous structure was not created in the preparative expehents. 
Table 3.4 - Surface areas and data £tom indexed powder XRD pattern for copper(I) 
salts of 12-ningstophosphoric acid. 
Sample %, Lattice Parameter I[11 O] 1 I[322] 
(m2k> a0 (A) 
H3P W ,20m.oH20 8.0 " 12.5 1.22 
HPW + 2 CuCl @ 300°C 5.1 12.2 0.74 
HPW + 3 CuCl @ 3OO0C 2.9 12.2 0.63 
HPW + 3 CuCl @ 25OC 1.9 12.2 0.46 
" Reference 3 1. 
b Reference 2(a). 
The powder XRD patterns were measured for al1 three solids, after measuring the 
nitrogen adsorption isothemi, and are shown in Figure 3.2. The two reactions caried out 
at 300 O C  show signincantly different panems, with the sample prepared with a 
Figure 3.2 - Powder X R D  patterns of copper(ï) 12aing~t0phosphate saltr. 
(a) HPW + 2CuCI, 30O0C @) HPW + 3CuCI. 300°C (c) HPW + 3CuCI,25"C. 
stoichiometric amount of copperO chlonde displaying an amorphous pattern, d i f fdt  to 
index and indicating a loss of crystaUinity. in con- the experiment perfomed at room 
temperature was easily indexed in accordance with the Pn3m space group. For aU three 
experiments, the measured lattice parameters (ao) are similar to the pure acid. (Table 3.4) 
It is of interest to note that the values for the indexed peak ratio 1[110]A[222] contradict 
indications by nitmgen adsorption isotherms that a rnicroporous structure was not created, 
with smaller values recorded in cornparison to the parent acid. With the exception of the 
copper(I) salt, Cu,PW,,O,, prepared at m m  temperature, the peak ratio is not as small as 
those noted previously for the mimporous salts of 12-tungstophosphoric acid containing 
the silver, thallium and cesium cations. (Chapter 2) 
With the success of the suspension ion exchange with the ammonium salts of 
heteropoly oxornetalate~'~ and the solid state ion exchange carried out with ammonium 
~eotite,'~ it was thought that the microporous structure already present in the ammonium 
12-tungstophosphate salt rnay encourage the migration of the coppefl) cations into the 
lattice structure containhg the Keggin anions and fom the copper(I) salt. The ammonium 
salt of 1 2-tungstophosphoric acid contains a micropore structure which has been well 
characterized and reported in the literat~re.'~~' Although the reported values are for the 
salt isolated by evaporation, the salt isolated by filtration showed ody small differences 
f?om these reported values. (Table 3.5) 
The solid state ion exchange of the coppefl) chioride with the ammonium salt was 
canied out under two sets of reaction conditions: 300 O C  for 3 hours and 25 O C  for one 
week. In both cases, the resulting solids were grey to beige in colour and appeared 
hornogeneous. Analysis of the N, adsorption isothemis, carried out immediately aeer the 
temperature treatment without exposure of the solid to au, by the BET rneth~d,~  revealed 
that the s d a c e  areas decreased h m  the value recorded for the pure ammonium salt. 
(Table 3.5) This decrease was more significant for the reaction at 300 OC. The copper(i) 
salt prepared at 300 O C  had a powder XRD pattem identical to that of the ammonium salf 
shown in Figure 3.3, with similar values for the lattice parameter and the 1[110]/1[222] 
ratio. The analogous salt prepared at 25 O C  was found to have a smaller decrease in 
surface area and despite a similar peak ratio of 1[110]A[222], the peak indexed as [222] 
Table 3.5 - SurFace areas and data h m  indexed powder XRD patterns for copper (I) 
salts of ammonium 12hingstophosphate. 
(NH,),PW + 3 CuCl 51.8 49.6 0.017 8.0 11.6 0.45 
@ 3OO0C 
(NH4),PW + 3 CuCl 1 03.5 1052 0.040 8.3 11.6 0.5 1 
@ 2S°C 
" Reference 3 1. 
Reference 2(a). 
was no longer the most intense in the spectum. There was also a slight shift in the 
characteristic peaks. Neither spectnim indicated that the resulting soiid was amorphous in 
nature. 
Since the afnmooium salts still maintain some semblance of a micropore mcture, 
the surface areas (SJ' were a h  calculated h m  t-plots, using the method of Ledoux and 
Pi~i rd ,~  for caiibration purposes, and the resulting s d a c e  areas are in good agreement 
with the values obtained by the BET method. (Table 3.5) The MP method5 was 
employed to generate the micropore size distrt'bution h m  the data plotted in the t-plots. 
As mentioued in Section 2.3.1, calculations for the micropore volume and pore size 
distriiutions are a function of the hydrauiic radius; however, with heteropoly 
oxornetalates, the assumption is made that the pores are cylindricaUy shaped and the 
hydraulic radius (rJ is equal to one half of the cylindrical radius? The calculations and 
construction of the t-plob and pore size distriiutions reflect this assumption. The volume 
of the micropores can be estimated h m  the t-plots by extrapolating fiom the linear 
pressure region of 0.4 < Pm,, < 0.6 to obtain the y-intercept. The calculated values for 
V, and r, are contained in Table 3.5. The volume of the micropores mimics the pattern 
Rgure 3 3  - Powder XRD patterns of mmnium and copper(7) tuugstophosphate saitî. (a) 
m4PW9 Cb) NH,PW + 3CuC1, 300°C, (c) NH,PW + 3CuC1, 25OC. 
obsenred with the surface areas, although there is only a smalI variation in the rnean 
micropore radii. 
3.4 Discussion 
Characterizabon of the copper(Ii) salts of the three heteropoly acids failed to 
provide evidence of a micropore sûucture and were sirnilar to the results reported 
previously for the divalent alkaline earth sa~ts,'~*" witb the surface areas of the copper(II) 
salts remaining sirniiar to those of the parent acids. Intiared spectruscopy confirmed that 
the integrity of the Keggin anion was maintained in the isolatecf soiids but the 
heterogeneous colour of the sample and the amorphous nature of the powder XRD 
patterns indicated that the divalent cation was present in the mixture with the acid, rather 
than forming a coppefl) salt. Further evidence was revealed in the i n h e d  spectra of 
the mixtures prepared fiom copper(II) nitrate, in which bands characteristic of the nitrate 
ion were present. 
hcorporating the divalent copper cation would cause a cationic lacunar structure 
due to the substitution of the singly charged protons by the doubly charged copper 
cation." EPR studies of Cq,,H,PMo,, VO,. 1 3 H20 and ChPMo, , V0,-2 1 H,O revealed 
that the coppefl) cations present in these salts formed dimers when heated to 100 "C and 
200 O C ,  respectively, and by 300 "C the dimen and monomers had disappeared for both 
salts while the formation of clusten and Cu0 (amorphous) occurred. Aboukais et 
also noted that with these copper@) salts supported on silica, the formation of Cu@) 
clustefi occurred. If in fact the copper cations were incorporated hto the latti- ~e structure 
with the Keggin anions, the charge balance would not be maintained as the dimer and 
clusters of the copper(II) cations were formed. However, in a heterogeneous mixture, the 
copper ions could easily move closer to one another to facilitate this. With the 
pretreatment of the copper@) solids pnor to measuring the N, adsorption isotherms, a 
colour change was noted to occur, which indicated that heating the solid at 200 O C  under 
a vacuum rnay have facilitated the formation of copper dimen and clusters. 
Many factos are required for ion exchange to occur. As noted by McGarvey and 
Moffat," the exchange capacity in a solid-liquid system containing the 12-heteropoly 
oxometalate salts decreased as the radus of the cation in the solid phase was increased 
with respect to the exchange-in cation in solution. Karge et al." had noted that the 
temperatures used in achieving a given degree of solid state ion exchange fkquently 
depended upon the nature of both ions involveci. However, in most cases the exchange is 
fast in the initial penod of the solid state reaction and then levels off. 
The soiid state ion exchange did not appear successfil in substituthg the copperO 
ion for protons present in 12-tungstophosphoric acid and creating a micropore mcture. 
The presence of the lighter coloured flecks in the sample, after the temperature 
pretreatment, indicated that the C u 0  cations may not have been able to migrate into the 
lattice stxucture at aii and were present as CuCI. The similar colour of the sample in 
cornparison with the solids prepared h m  copper(II) carbonate, after pretreatment for the 
N, adsorption isothemis, indicated that the C k 0  oxide may have been fo~med.'~ 
Modifications of Spoto's procedures m y  have prevented the ion exchange f?om 
occmhg. The heteropoly acid did not undergo the same pretreatment as used with the 
zeolites to remove excess water as there was concern that decomposition of the acid 
would occur. Karge et aL20 had noted, however, that soiid state ion exchange with 
zeolites was not Iimited by the presence or absence of water. Although the presence of 
water readiiy couverts C u 0  to Cu@) in an aqueous solution, C u 0  is the preferred 
oxidation state in the gaseous phase.19 The authors ais0 used a system which facilibted 
the removal of any excess CuCl(s) and possible oxides of copper at the end of the 
reac t io~ ,~  but this was not possible with our current system since the same tube was used 
on the nitrogen adsorption apparatus imrnediately after the reation and could not 
accommodate a wafer f om of the heteropoly acid. Revious to Spoto's work, most solid 
state exchange reations were camied out as rnixed powders.lg 
Although the nitrogen adsorption i so thm indicated a rnicroporous structure was 
not fomed in the copper(I) salts of 12-huigstophosphoric, a decrease in the ratio of 
htensities for the peaks of [11 O] and [222] in XRD spectra (1[1103/1[222 3) indicates the 
orientation of the anions is favourable for the micropore formation. This had previously 
been noted for the Ag,PW,,O, salt isolated by evaporatio~.~~) ft was concluded at that 
t h e  that the width of such pores had not been sufficiently large to allow penetration by 
the nitmgen molecule. A temperature study of the AgPW salt (Section 2.3.3) revealed 
that the microporous structure of the AgPW salt is sensitive to the temperature at which it 
is synîhesized, and that the evaporation enhances trapping of impurities in the isolated 
salt, thus blocking the channeis created by the microporous structure. Solid state ion 
exchange is dependent on the ability of the cations to move in and out of the micrupomus 
network. ui the case of zeolites a mimporous structure is aiready present, but is absent 
in 12-tungstophosphoric acid. Some exchange rnay be occurring with the coppe~(I) cation; 
however, copper cations entering or protu11~ exiting the iattice network may be trapped 
and block access to the pores. 
Solid state ion exchange was applied with ammonium 12-tungstopbosphate since 
the rnimpore structure of this salt has been weU established." For the reaction canied 
out at 300 O C  with copper(I) chioride, the ]<RD pattern of the raulting solid is 
maintained. The solid did not tum as dark in colour as with the reaction of the pure acid. 
Although there is a large decrease in the d a c e  area of the resulting solid, it is 
speculated that ion-exchange of the coppr0  ion rnay have occurred to some extent It 
was noted by McGarvey and Moffat that ion exchange occurring in a solid-liquid phase 
system is limitai by the relative sizes of the catioud8 The extent of the exchange 
decreased as the radius of the cation in the solid phase increased with respect to the 
exchange-in cation in solution. Since the diameter of the arnmoniurn cation is larger than 
that of the copperil) cation, this may be limiting the exchange. Mead, as CuCl sublimes, 
the C u 0  cation may be migrating into the micropore m c t u r e  of the ammonium salt, 
blocking access to the pores for the nitmgen molecules during isothem experiments, thus 
explainhg the retention of the XRD pattern and the sigdicant decrease of the surface 
area. 
With the reaction canied out at m m  temperature, the change in the surface area is 
not as significant as the reaction carried out at 300 O C ,  but the pattem recorded for the 
powder XRD of the solid indicates that either there has been a significant change in the 
orientation of the lattice structure, h m  the M m  anangement, or the sample is a mixture 
of two crystalline solids. It is possible that the lower temperature would decrease the 
arnount of the copper(I) cations migrating into the pores and the rernainder of the CuCl 
will remain in the sample holder. The recorded N, isothemi and resulting surface area 
reflects the properties of the two soli& being present, as weil as the XRD pattem. 
This work has provided m e r  information c o d h h g  that a microporous 
structure cannot be formed with the divalent copper cation with any of the three 
heteropoly acids examined. As has been concluded fimm investigations with the alkaLine 
earths,'"" the copper(n) cation is present in the isolated solid as either a nitrate or 
carbonate salt, fomiing a mixture with the 12-heteropoly acid, rather than forming 
copper(TI) 12-heteropoly oxometalate. Attempts at fomiing the copper(I) salt of 12- 
tungstophosphoic acid were unsuccessful in forming a high surface area, mimporous 
solid. Although solid state ion exchange with ammonium 12-tungstophosphate indicated 
some degree of exchange, or at Least migration of the copperO cations into the lattice 
structure, had occurred, this was doue at a sacrifice to the micropore structure already 
press particularly the high surface area and total micropore volume. Repeating this 
experiment with a microporous salt containhg a cation closer in size to the copper(I) ion 
may pemiit the exchange to occur more readiiy; however it rnay be dificult to ensure that 
the outgoing cation would be removed as easily as the ammonium or protium cations with 
the present reaction conditions. 
Although not presently Uivestigated, there has been no indication of the stability of 
the copperO oxidation state once it is established in the lattice structure with the 
heteropoly anions. The copper (I) cations appear to be stable once incorporated into the 
zeolite structure but this is not guaranteed to occur with the heteropoly oxometalates. 
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C~GPTER 4 
A Com~arison of  Methods for the Characterization 
of the Microporous Structure in Solids. 
4.1 Introduction 
As discussed in Chapter 1, the characterization of porous solids is of interest to 
those involved in heterogeneous catalysis and adsorption.'" In addition to inmashg the 
area of a catalyst available for interaction with the molecules of the reactants, the presence 
of a pore structure may facilitate shape selectivity; micropores, and large pores may be 
advantageous for trapping undesirable components contained in the feed Stream.*" 
Infornation on the pore size distribution is evidently important not only for the 
characterization of catalysts prior to their use but also for evaluating the morphological 
changes which such soiids display under realistic reaction conditions, a s  a result of not 
only specific reaction parameters but ako the effects of processes leading to both chernical 
and physical deactivation. The microporous structures of solids applicable in various 
adsorption processes are of no l e s  importance. While the morphological properties of a 
wide variety of these soiids have been studied over the years, considerable recent attention 
has been focused on carbons of various types.7" 
Although a variety of methods are available for the rneasurement of pore size 
distributions under special circumstances, the detexmination and analysis of gaseous 
adsorption data are undoubtedly the most cornmonly employed for such pur pose^.^ It is 
weU known that in the adsorption of a one-component gas on a porous solid, two 
processes may take place. Adsorption layer thickening d l  occur over the entire range of 
relative pressures, and where micropores are present, these will fiü by this process. In 
addition, capiliary condensation may occur in those solids where mesopores are present, 
concomitantly with the pnxess of adsorption layer thickening. 
Micropores, mesopores, and rnacropores are typically dehed as having pore 
diameten of less than 2 nm, 2 - 50 nm, and greater than 50 MI, respectively? Methods 
for analysis of the adsorption-desorptiou isothem of a mesoporous solid usualiy employ 
the Kelvin equation to relate the effective pore radius to the relative pressure at which 
capiliary condensation OCCLUS. Where a microporous structure is present it is generally 
assumed that these pores fill o d y  by adsoxption layer thickening, although some doubts 
have been raised conceming the validity of this assunption, particularly for the larger 
micropores. 
For mimporous soi& several methods have been employed for the analysis of the 
physisorption data in order to generate infomtion on the pore size distribution. The MP 
method1° is frequently used for such purposes although other techniques such as the finite 
layer BrunauerEmmettlTeiier (BET)" and the Dubinin-Radushkevich (DR)'' equations 
have been employed. The MP procedure is based on the conversion of the data for the 
quantity adsorbed at various adsorption equilinum pressures into the amount adsorbed as 
a function of the thickness of the adsorbed layer fiorn which the contribution of pores of 
different sizes to the volume and surface area can be readily evaluated. AIthough the 
relationship between the relative pressure and the thickness of the adsorbed layer would 
ideally be obtained fiom a solid of the same nonporous composition as the porous solid of 
interest, the fonner is genedy  not available and the empirical Halsey equation is 
eequently employed for such purposes. However, a method dependent on the C values 
h m  the BET equation has been proposed which may offer advantages not found in the 
Halsey relation." The finite layer BET equation is derived similarly to the usual BET 
relation but with the summations carried out over n layers rather than an infinte number. 
Although the f'inite layer equation cannot be placed in a compact Iinear form, the data 
h m  the adsorption isothenn c m  be computationally fitted to the equation. The 
calculated values of n, the number of layers, c m  then be converted to the average radius 
of the pores. The Dubiain-Radushkevich equation is denved kom the exponential 
dependence of the quantity adsorbed on the adsorption potential and can be employed to 
generate the micropore volume. 
More recently a method for pore size analysis based on the potential between the 
surface and the adsorbed molecules has been presented by Horvath and Kawazoe (HIC) for 
a carbon surface." The procedure is frequently employed as the software in 
rnicroprocessors supplied with automatic devices for the measurement of adsorption 
isothem. The Horvath and Kawazoe mean-field method has recently been analyzed by 
Conner and cow~rkers.'~ This method has been extended to appiy to pores of cyhdrical 
symmetxy by Saito and Foley." 
In Chapter 2 the BET and MP methods were employed to characterize the 
mimpore structure of the prepared salts. As discussed in Section 2.3.2, these d t s  
were internaiIy sekonsistent, evident by the analyses of repiicate trials of the nitmgen 
adsorption isothemis. The observations of an increase in the micropore volume with the 
inmase in the cation diameter or the amount of cation used in the synthesis appeared to 
be consistent with those previously reported in the literature (Section 2.4). However, in 
view of the interest in porous solids and the methods for detemination of a pore structure, 
a cornparison of the BET, M P ,  DR and Horvath-Kawazoe-Saito-Foley (HKSF) methods 
was perfonned. These methods were applied to the nitrogen adsorptiondesorption 
isothemis of two nonstoichiometric thauium salts of 12-heteropoly oxometalates, thallium 
1 Ztungstosilicate and 1 2-moly bdop hosp hate (ab breviated as IISiW and TiPMo) to 
compare and contrast the aforementioned methods and the results obtained therenom." 
Tùe confinnation of a micropore structure for these two thallium salts was initidy 
reported in Chapter 2. 
4.2 Experimental 
4.2.1 k e n m e n t a l  
The thailium salts of 1 2-tungstosilicic and 12-moly bdop hosp horic acids 
(abbreviated as TISiW and TlPMo) were synthesized foilowing the procedure outlined in 
Section 2.2.1, using an excess of thailium nitrate for a preparative catiori:proton ratio of 
1.15. 
Nitmgen adsorptiondesorption isothenns were measured on a standard volunetric 
glas systern fiîted with an MKS Baratron type S90HA capacitance manometer, as 
outlined in Section 2.2.2. The samples were outgassed at IO-' Torr at 473 K for two 
hom prior to the analysis, carried out at 77 K. Approximately 25 and 10 data points 
were obtained for the adsorption and desorption parts, rapectively, of the isotherm. 
4.2.2 Calculations 
The calculations employed in the present work to obtain estimates of the surface 
area are those based on the BET equation," the t-plot method," and the Dubinin- 
Radushkevich equation. lz The volume of the micropores was estimated by the t-plot 
methodI0 and the Dubinin-Radushkevich equation." The pore size distribution of the 
samples was obtained fiom the MP method,1° the dit mode1 derived by Horvath and 
Kawazoe14 and Saito and Foiey's lioe- and area-averaged cyhdrical modeld6 These four 
methods a h  provided estimates of the average pore radii or diameter for each sample 
exarnined. 
4.3 Results 
The nitrogen adsorptiondesorption isotherrns for the two salts are depicted in 
Figure 4.1. The sharp initial rise at the low relative pressures is indicative of the presence 
of micropores in the solid. As the relative pressure is increased, the amount of nitmgen 
adsorbed by the sample fiom each aliquot of gas decreases, although the TPMo salt does 
adsorb a large amount of nitrogen gas in the high pressure region. 
Based on the Langmuir theory of monomoIecuIar adsorption, the 
BrunauerEmetüTeiIer @ET) method accounts for the multilayer adsorption of gases on 
a solid." It assunies that each layer can be descnbed by langmuir adsorption with the 
additional requkement that the heat of adsorption for the first layer may have a unique 
value while tbat for each successive layer is equai to the heat of liquefaction. A linear 
relationship for the BET approach, considering an infinite number of adsorbed layers, can 
su that in the plot of the data the 
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Figure 4.1 - N, adsorption-desorption isotherms for TI,SiW ,,O, and TI,PMo,~O,. 
where N refers to the moles of nitmgen adsorbed, N, is the number of moles required to 
fom a monolayer, x is the relative pressure (PRo) and c is the BET parameter ( a h  
refmd to as C ,,). The values of N, and Q, are determined by the foilowing 
while the surface area (S,,) is calculated by 
where No is Avogadro's number and a is the cross-sectional area of the nitrogen molecule 
(a = 16.2 x 10e20 m2).'' 
As previously discussed in Chapter 2, the surface areas for these salts were 
detexmined initially by the BET method" and are summarized in Table 4.1, denoted as 
. The linear region of the BET isotherm has been greatly reduced for both salis fiom 
that which is typicaily obser~ed,'~ with the upper limit of the relative pressure @/Po) being 
0.07 for TISiW and 0.1 7 for WMo. The relatively large values for the C, paraneters, 
summarized in Table 4.1, are also indicative of the presence of micropores. 
The finite layer BET relationship of 
was also appiied to each of the two salts. The values of N,,, and Cm were dete-ed by 
the infinie layer relationship (Equations 4.2 and 4.3) while x and N refer to the relative 
pressure and moles of nitrogen adsorbed, respectively, in the N, adsorption isotherm. A 
nonlinear regression was performed to determine n, the number of adsorbed monolayers. 
Values of l e s  than 3, for n, are indicative of the presence of micropores within the solid. 
As s hown in Table 4.1, both salts are consistent with these conclusions. It was noted that 
of the two constants, N' and C, the value of N, has the greatest effect on the value of 
Table 4.1 - Calculated surface areas and C,, constants for the thaiIous salts, TiSW 
and TIPMo. 
Employing the reference isothem b r n  Leclou and ~irard," plots of the volume 
of nitrogen adsorbeci, V&, as a fûnction of the thickness of the adsorbed layer, referred to 
as t-plots, were constmcted for each sample. Each experirnental P/P, in the nitrogen 
adsorption isothem corresponds to a ratio of the adsorbed volume and the monolayer 
volume (VNm) detemiined nom the reference isotherm. The thickness of the adsorbed 
layes were then calculated by equation 4.6. The t-plots are Linear in the low pressure 
region and the t-plot surface area (SJ is calculated using the dope of this section with 
and are in good agreement with those obtained by the BET method. (Table 4.1) Both t- . 
plots are well-behaved in that the extmpolated curves pass through the origin. However, 
with TlPMo the volume adsorbed did not reach a constant value at the highest value for f. 
It should be noted that the reference isotherms of Ledoux and Pirard have a lower Liniit 
of 0.02 for the range of relative pressure. Extrapolation of the isothenn to zero has led to 
a discontinuity in the constnicted t-plot, and as a result, data points obtained for relative 
pressures less than 0.02 have not been included m the t-plots for the sdts examined. 
Negative deviations occur in the t-plots when namw pores are filled by multilayer 
adsorption, indicating that subsequent adsorption does not take place on the en&e surface. 
The volumes of the micropores (V,) can be estimated for both salts by extrapolating 
f?om the linear pressure region of 0.4 < P/Po < 0.6 (corresponding to the ihickness range 
of 1.1 - 1.3 nm for the adsorbed layers) to obtain the y-intercept. However, with the 
deviation h m  Linearity that the TiPMo salt experiences as the thickness of the adsorbed 
layer increases, a more representative value is expected firom the y-intercept of a tangent 
h e  taken at P/P, = 0.4 (corresponding to an adsorbed layer of 1.1 m). This value is 
denoted in parenthesis in Table 4.2, and is closer to the V, obtained for the TiSiW salt. 
The MP method was employed to generate the micropore size disûibution fiom the 
data on the t-pl~ts. '~ (Figure 4.2) Calculations for the micropore volume and pore size 
distributions are a function of the hydraulic radius; however, with heteropoly 
oxometalates, the assumption is made that the pores are cylindncally shaped and the 
hydraulic radius, r,, is equal to haif of the cylinder radi~s.'~ The present calculations and 
construction of the t-plots reflect this assumption. The slope is measured between closely 
spaced thickness values and the surface area can detemiined using equation 4.7. The 
ciifference between S, and that measured for this slope is the surface area of the pores up 
to that size. The volume of these pores is given by equation 4.8. The procedure is 
repeated by advancing to the next thickness, measuring the slope, calculating the surface 
area, and determining the pore volume using equation 4.8 until there is no fiirther 
measurable change in the slope. 
The pore size distributions were constructed by calculating AV and Ar values19 and 
plotting AVl Ar versus r, the mean radius used for determining AV. The TiSiW salt has a 
typical distribution observed for the monovalent salts of the 12-heteropoly 
o~ornetalates,~~~' with a maximum in the 0.7 to 0.8 nm region, while the TiPMo salt has a 
Figure 4.2 - Pore size distribution of Ti,SiW,,O, and Ti,PMo,,O, by the MP method. 
wider breadth for its distri'bution and appears to have three maxima Both have evidence 
of pores existing up to 2.0 am. The rnean micropore radius (r,) for each salt was 
determined using the equation 
- (A YlAr)r 
rw - C (A vf Ar) 
and are sunmarhed in Table 4.2. As previously observed in Chapter 2, since both salts 
contain the same cation, the mean micropore radii are simüar in size, with the TLPMo sait 
being slightly larger, conelating to its larger surface area. 
Table 4.2 - Calculated micropore volumes and sizes for the thailous salts, TlSiW and 
TIPMo. 
Sample 
- - - - - - - - - - - - - - - - - - - - - 
' Determined fiom the tangent. 
The use of the Dubinin-Radushkevich (DR) equatiod2 to analyze the adsorption 
kotherm data is based on the volume-Wg of the micropores, rather than the assumption 
of layer-by-layer adsorption on the pore w a k  that the BET method employs. A linear 
plot (also referred to as a DR plot) (Figure 4.3) is obtained nom the equation 
where D is the slope of log V versus lo$(FlP,). The upward deviation as the satwation 
pressure is reached is attributed to the multilayer adsorption and capillary condensation in 
the me~opores.~~ As a result, the volume of the micropores (denoted as V,, in Table 4.2) 
is obtained by extrapolation fiom only the low pressure region (PP, < 0.1) to obtain the 
y-intercept. These values are larger than the V, obtained fiorn the t-plots. This is 

particularly noted with the TiPMo salt, whose upward deviation is signifïcantly greater 
than that with the ïïSiW salt in the DR plot The s d c e  m a  (denoted as !$, in Table 
4.1) can be calculated simiiarly to that in the BET r n e t h ~ d ' ~ ~ )  with 
Sm = (V' (No) (a) /22404 
where a is the cross-sectional area of the nitrogen moiecule and No is Avogadro's number. 
In cornparing the surFdce areas calculated by the three rnethods in Table 4.1, those 
obtained fiom the DR equation are consistendy greater than those by the BET and t-plot 
methods. 
A correction to the DR plots has been illustratedu to account for the presence and 
filling of mesopores. The resulting corrected c w e  is lowered in position with respect to 
the y axis (the volume of nitrogen), and has a decreased slope, apparent even in the low 
pressure region. As a result, it appears that extrapolating the V, value fiom only the low 
pressure region (P/P, < 0.1) does not completely reduce the effect of mesopores present in 
the system, causing the value obtained for the V, to be larger than it actuaiiy is. This 
increase is also reflected to the same extent in the calculated surface area (ad. 
The DR method uses the assumption of a Gaussian distniution for the micropore 
size dktriiuti~n.'~ With this. the average micropore width (denoted as LD, in Table 4.2) 
can be calculated by 
where y is the molar volume of the adsorbate, relative to a standard (y = 0.393 for 
nitrogen, relative to benzene)'*('), T is the temperature (77 K) and D is the slope fiom the 
plot of log V versus log2(P/pO). These values of L,, summarized in Table 4.2, are 
slightly smaiier than twice the value of the mean micropore radius (r,) for each salt 
Despite the problem of the increased slope of the DR plot due to the presence of 
mesopores, these average micropore skes correlate well with the data nom the MP 
method. It appears that the presence of mesopores has a greater effect on the intercept of 
the DR plot than with its slope in the low pressure region. 
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Horvath and Kawazoe developed a rnodel which takes into account the bulk and 
surface propedes of the adsorbents. On the basis of the calculated potential energy 
profiles for atoms adsorbed in stit-iike pores and the enhancement of the depth of the 
energy well relative to adsorption on a fiat surface,u the HK mode1 relates the k e  energy 
of adsorption to the average potential inside a slit-like pore.'* Theù initial study involved 
the adsorption of nitrogen on molecular-sieve carbon, with the generic equation 
summarized as 
where Na is the nurnber of atoms per unit area of adsorbent (a) (atom/cm2), 
NA is the number of molecules per unit area of adsorbate (A) (molecule/cmZ), 
K is Avogadro's number, 
o is the distance between a gas atom and the nuclei of the surface at zero 
interaction energy (a = 0.858 x d/2) (nm), 
L is the distance between nuclei of two layers (nrn), 
and d is the sum of the adsorbate and adsorbent diameters (d = d, + 4) (nrn). 
Table 4 3  - Parameters used for the adsorbent and adsorbate components. 
Parameter Adsorbent Adsorbate 
Oxide Ion Nitrogen (NJ 
Diameter, d (nm) 0.276 a 0.36 " 
Polarizability, a (cd) 2.5 x IO-% a 1.74 x 
Magnetic Susceptibility, x (cm3) 1.3 x 10-29 " 2 x l ~ - ~ ~  
Density, N (molecules/m2) 1.31 x 10'~ a 6.7 x IOi4 
" Reference 16. 
b Reference 1 4. 
" Reference 27. 
* D.R. Lide. "Handbook of Chemistry and Physics." 71' ed., CRC Press Inc: USA, 1990, 
p. 10-199. 
Using the data in Table 4.3, the dispersion constant for the adsorbate (AJ is 
calculated by the equation 
and the dispersion constant for the adsorbent (q) is detamined by 
w h m  rn is the mass of an electron (kg), 
c is the speed of üght ( d s ) ,  
a d e  polarizability (cm3), 
and x is the magnetic susceptibility (cm3). 
The model can be extended to other adsorbent-adsorbate systems. and Table 4.3 
summariza the data used for the presmt systern. Incorporathg these parameters for the 
oxide iod4 as the adsorbent and updabng the parameters for nitmgen as the adsorbate, the 
resulting equation for the slit modei is 
Detailed calcuiatio~1~ of equations 4.14 to 4.16 are in Appendix A. 
Saito and Foley modified the slit mode1 to accommodate the cylindricai shaped 
pores of the zeolite rnic~ostructure.'~ For the cyhdrical model, the he-averaged and 
ares-averaged cases were examined. With substitution of the pârametm M d  in Table 
4.3, the resulting equation for the line-averaged case is 
while that for the area-averaged case is 
with 
Detailed calculations of equations 4.17 and 4.18 are in Appendix A. 
Using pressure data fiom the nitrogen-adsorption isothem of the two salts, 
Equations 4.17 to 4.19 were solved by application of the Secant method2" to determine the 
unknown variable (L for the slit mode1 and r, for the cylindrical rnodeis) at each data 
point. The resulting effective pore diarneter was then calculated nom (L - 0.276 nm) for 
the slit model" and (25 - 0.276 nm) for the cyiindrical rnodel~.'~ 
The micropore size distributions for the two salts are then plotted sirnilady to the 
MF method, with the differential volume adsorbed with respect to the dflerential pore 
size vs the pore size (Figures 4.4 and 4.5). These typically result in a Gaussian 
~ c b u t i o n ,  with the maxima taken as the average effective pore diameter. (Table 4.4) 
Table 4.4 - Sumrnary of effective pore diarneter calculated for the thaiIous salts, TlSiW 
and T1PMo. 
Sample ERective Pore Diameter (nm) 
Slit Line- Averaged Area- Averaged 
T1SiW 0.56 0.73 0.77 
TlPMo 0.54 0.6 1 0.62 
- - - - -- - - - - - 
The diameters from the cylindrical models show the reverse of the trend previously 
observed with the MP and DR methods. The TlPMo salt has a smaUer pore diarneter than 
the TlSiW salt, and both salts have values l a s  than the mea. micropore radii (r,) 
calculated by the MP method and l e s  than half of the average pore width kR) calculated 
by the DR method. Saito and Foley varied each of the parameters listed in Table 4.3 by 
Figure 4.4 - Pore size distribution of Ti$iW,,O, by HKSF methods. 
Figure 4.5 - Pore size distnktion of ïi,PMo,,O, by HKSF methods. 
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+ 30% and concluded that the diameter of the oxide ion at the surfiace had the greatest -
influence on the calculated pore site, while the other parameters only had a moderate to a 
smaU effectI6 In the present work sorne enor may be introduced by the assumption that 
the diameter of the oxide ion in a zeolite Y system would be comparable to the Keggin 
anion in the thaiIous salt. 
4.4 Discussion 
While no rigorous definition of the surface of a solid is currently available, there is 
general agreement that the interaction of nomeacting molecules with a solid surface can 
provide operational definitions of the surface area? 'Iae TUPAC approved method for 
generating surface area data applies the infinite Iayer BET theory to the experimentaliy 
measured adsorption isothem. Values falling below the extrapolated h e a r  portion of the 
experimental data nom the BET equation in the very low pressure regioa have been 
asm%ed to the presence of physisorption sites on the d a c e  with higher energies than the 
expected BET values for the molecules adsorbing immediately adjacent to the solid 
surface. Such higher energies may result 6om the existence of an approximately planar 
surface which is energetically heterogeneous or h m  the existence of micropores, which 
as a result of the close proxhity of the adsorbing molecules to a larger hction of the 
surface generate enhanced global potential surfaces. With solids containing micropores 
the reduced range of linearity of the BET plots introduces errors in the detemination of 
both the dopes and the intercepts. 
In obtaining morphological information, the finite layer BET and the DR theories 
suffer h m  their inabilities to yield pore size distriibution. The HK and HKSF methods, 
while taking mto account the presence of potential surfaces within the pores which are 
dissimilar from those on the penpheral surfaces, have the disadvantage that either two- 
body or global potentials for solid surfaces are dficult to constnict for real catalytic 
solids and the simplest adsorbate molecules. 
In con- the MP method avoids any requirements for the calculation of a 
potential surface but necessitates the availability of relationships between the thickness of 
the adsorbed layer and the equilibrium relative pressure in the adsorption process. 
Although in principle the latter can be obtained fhn  the adsorption isothemi of a 
nonporous analogue of the porous soiid of interest, in practice this is dficult to achieve. 
It is clear that the MP and the HK (and HKSF) metbods each have their 
advantages and disadvantages. In the present work the former technique has been 
employed together with the Ledoux and Pirard procedure for generating t vs PR,, data. 
While the latîer bas been cntici~ed,~ '~ cornparisons between the results obtained 
therefrom and those obtained using nonporous soli& of similar, but not identical, 
composition as those of the prous solids of interest provide evidence for the relative 
validity of the LP proced~re?*~' However, the absence of specific reference isothemis for 
the larger values of C,, imposes a limitation on this approach. The negative deviations 
fiom lineanty that are evident in the t-plots are a result of the narrow pores being fiiled 
by multilayer adsorption so that subsequent adsorption does not occur on the entire 
surface. The lack of linearity in the pressure region of 0.4 < PB, < 0.6 contriiutes to 
mois in the determination of the micropore volume (V,). 
The DR approach, not unexpectedly, also has its advantages and disadvantages. 
The exSrence of linearïty in the DR plots is not sufficient to guarantee micropore filhg 
or the validity of V,." This is particularly evident h m  the observation of linearity at 
relative pressures approaching unity.18 In addition the presence of mesopores may, even 
with relative pressures l e s  than 0.1, result in inflated values for the micropore volume." 
Although a number of techniques have been proposed to correct for the presence of 
mesopores, noue of them is universaily appli~able.~' Although a consensus has not been 
a ~ h i e v e d ~ ~ ~ '  it has been suggested that the BET and DR equations should provide results 
in good agreement where the soüds have a preponderance of available surfaces located in 
pores of molecular dimensions? ' 
The approach of Horvath and KawazoeI4 appears to correct the problems associateci 
with the BET method by taking into account the nature of the adsorbent, with an average 
potential fiuiction detemiined for the inside of the slit-like pores. However, the 
determination of a realistic global potential inevitably necessitates the introduction of 
assumptions and simplificatio11~. However, the application of a global potential 
accommodates the enhanced adsorption that may occur in micropores and that the BET 
and t-plot methods do not explicitly take into account Saito and Foley confirm that 
useful infoxmation about the micropore structures can be derived h m  the nitmgen and 
argon isotherms, in te= of C,, t-plot, and the DR maiel? However, as Saito and 
Foley note these methods do not provide a straightforward relatiomhip between the 
logarithm of the relative pressure and the pore sizet6 such as found in the Kelvin equation. 
However, the Kelvin equation accounts for capillary condensation, which is not applicable 
to m i ~ r o ~ o r e s . ~ ~  
The application of the siit and cylindrical models provides a method permitting 
such a direct relatiomhip and appears to accommodate successfùily different trends which 
may occur in the isothem. Literature reports of the use of the models developed by 
Horvath and Kawazoe and Saito and Foley have been successful in describing different 
systems, correlating weU with other methods,"-" although the limitations of each, 
especiafiy the slit model, have been recognized." In the characterization of other 
heteropoly oxometalates, Coma et aL3' have used the HK meîhod with the microporous 
ammonium, cesium and potassium salts of 12-hingstophosphoric acid and found these 
results in good agreement with pore diameters previously detemined by It9xe NMR? 
It is concluded, in view of the deficiencies in each of the presentiy available 
methods for the determination of micropore distniutions f?om adsorption-desorption 
isothemis, that a cornparison of the results obtained fiom the application of a variety of 
these techniques may be in order to venfy results. If only one method is employed to 
detemiine the micropore distribution, knowledge of its assumptions and limitations should 
be considered when reporting conclusions. 
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Isomerization of 1-Butene 
5.1 Introduction 
Isomerization of 1-butene is frequently used as  a means of assessing acidic 
properties of catalysts to compare the conversion, selectivity, and stability of the cata1ysts. 
Heterogeneous catalysis of this reaction has been studied for over four de~ades.'-'~ 
Renewed interest in the isomerization of 1-butene has been bmught about by the 
anticipated oversupply of 1-butene coupled with the demand for ho-butene as an alkene 
precursor in the synthesis of methy l tert-buty lether ( M T B E ) ~ ~ ~ ' " ~ ~ ~ ~  an octane enhancer 
replacing tetramethyl lead in refonnulated ga~ol ine .~~ Recent studies have included a wide 
variety of catalysts, including various oxides,u*1z'u01'23u al~uninophosphates,'~.~ and
zeolites. IJ-7.P.il.l3.I6.l8~-28 Butler and Nicolaidesz9 have a h  provided a s w e y  of the 
progress made since the late 197.0's in implementing the catalytic skeletal isornerization of 
linear alkenes. In addition to the interest in industrial applications, skeletal isornerization 
of 1-butene is of fundamental interest since earlier literaîure had indicated that the C, 
hydrocarbons should not selectively isomerize to fomi iro-butene, aIthough they can 
undergo scrambling of carbon atorns over the four positions in the hear  r n ~ l e c u l e . ~ ~ ~ ~ ~  
For catalysts containing Bronsted acid sites, it is generaliy proposed that 
isomerization of 1-butene proceeds via the carbenium ion mechani~rn?~ Protonation of 
1-butene will fom either the primary or seconciary butyl carbenium ion." Whde 
formation of the secondary butyl carbenium ion is energeticdly more favourable than the 
primary butyl carbenium it is not possible to preclude the direct formation of the 
latter. From the secondary butyl carbenium ion, double bond isomerization wilI fom the 
clr and tram isomers of 2-butene while skeletal isornerization wüi form iso-butene. 
(Figure 5.1) Skeletal isornerization is a reaction of moderate dificulty, requiring sites of - 
relatively higher acid strength to catalyze the formation of the thermodynamically Iess 
stable primary butyl carbeniurn ion in contrast to the double bond isomerization of 1- 
butene which is considered a facile r eac t i~n .~~  Choudhary provided a review of the 
kinetics and mechanisrn of this reaction, as well as the thmodynamics and physical 
Figure 5.1 - Mechanistic scherne for the isomerization of 1-butene. 
properties of the four butenes and the thexmodynamics of the reaction system." 
Although the carbenium ion mechanism has hquently been cited for the 
mechanimi for the isomerization of l - b ~ t e n e ? ~ ~ '  debate that a bimolecular mechanism 
may be operative c o n . t i n ~ e s ? ~ ~ ~ ~ *  The bLnolecular mechanism proposes the dimerization 
of 1-butene to octene(s) which then skeletally isomerize. Ise-butene is formed by the 
subsequent cracking of the octene(s). Cheng el have found evidence for the 
bimolecular mechanism but with the concomitant forniaton of productç such as those 
containing three and five carbon atoms. It was concluded that the monomolecular 
mechanism is dominant with the series of oxides, supported and unsupported, investigated, 
although the bimolecular rnechanism is possible in principle. 
More recent work bas continued to conclude that the skeletal isomerization of 1- 
butene is monomolecu2ar. 5 6 " ~ ' 4 ~ ' 5  Gielgens et a1.I4 questioned why only byproducts 
containing three and five carbon atoms (C, and C,) were fonned, with no occurrence of C, 
or C,. Dimerkation of 1-butene, a s  proposed by the bimolecular mechanism, could fom 
intermediates such as 3monomethylheptene and 3,4dirnethylhexene. Subsequent 
cracking of these intemediates would include C, and C, products. In addition, propene 
and pentene bgments could not be fonned nom 3,4dimethyLhexene. Dimerization of 
imbutene should produce trirnethylpentene as the intermediate, of which C, and C, would 
foUow b m  cracking. It was concluded that the bimolecular mechanism was in fact only 
involved in the formation of byproducts fiom ~~o-butene.~*~*'~ 
As summarized in Chapter 2, microporous structures were found for the silverO 
and thallium(I) 12-heteropoly oxometalate salts, indicathg that such structures are not 
resûicted to salts prepared fi-om the alkali me*, such a s  cesium0). The larger cation 
diameter results in an increase of the surface area, micropore volume, and mean micropore 
radius. This is a result of the Keggin anions shifting and rotating in the lattice 
fiamework, in order to accommodate the larger cations, and thus removing barriers 
between the interstitial voids, creating channels throughout the structure. For a given salt, 
the surface area increases as the preparative cation to proton ratio is Uicreased, but these 
changes are smaller than observed for salts previously isolated by evap~ration.'~ As 
discussed in chapter Two, the difference may be amibuted to the removal of a portion of 
1 O9 
unreacted teagents during filtration, in particular those on the surfàce of the precipitated 
particles. 
PAS FTIR studies have indicated that the protons remain in the precipitated 
heteropoly oxometalate salts, indicating that the substitution of the protons was incomplete 
despite the use of a stoichiometric amount of the catiod' 'H MAS NMR spectra in 
Chapter Two of the currently prepared 1 2-heteropoly oxometalate salts bave provided 
evidence that the creation of a microporous structure has an effect on the chemical 
environment in which the residual protons reside.* Variations in the preparative 
cation:pmton ratio alter the ournber of protons remaining in the salt. As a resulf the 
modification of acidity may have an effect on the catalytic properties of the salt 
The objective of this chapter is to provide information on the catalytic properties 
of the cesiumo, s i l v a  and thaiiïum(I) salts of the three heteropoly acids: 12- 
tungstophosphoric acid, 12-tungstosilicic acid and 12-molybdophosphoric acid. 
Temperature programmed desorption (TPD) of ammonia and 'H MAS NMR 
measmments were used to assess the number of acid sites available within a specific salt 
and the distribution of acid strengths. Isomerization reactions with 1-butene were 
perfomed with the silver(I) and thaiiium(1) salts to determine the dependence of their 
catalytic properties, specifically the conversion and product distribution, on the nature of 
the cation, the stoichiorne~ and morphology of the salt This will provide information 




Helium and 1-butene were purchased from Praxair. 
The cesium, süver and thallium salts of 1 2-hingstophosphonc, 12-hingstosilicic and 
12-molybdophosphonc acids were prepared as outlined in Section 2.2.1. For the 
komerization reactions of 1 -butene, the cation:proton ratios of 0.50, 1 .O0 and 1.50 were 
examined for the silver and thallium salts of 12-tungstophosphoric acid (denoted as AgPW 
and TlPW, respectively, hereafter) whereas the 0.85, 1 .O0 and 1.15 ratios were examined 
for the analogous salts of 12-aingstosilicic acid (denoted as AgSiW and TISiW, 
respectively , hereafter) and thallium 1 2-moly bdop hosp hate (denoted as W Mo). 
Since the 1 2- heteropoly oxometalate salts precipitated spontaneous ly as 
microcrystauine materials, the particle size distribution of each salt was detennined. AAer 
grinding with a pestle and mortar, each salt was passed througb a series of mesh sieves 
(80 mesh, 100 mesh, 150 mesh and 200 mesh) by shaking manually. For all of the salts 
examined, with exception of the AgPW sala, the largest portion of particles consisted of a 
diameter less than 75 pm ((200 mesh). This was detemiined to be greater than 35% of 
the total rnass of the sample for the nSiW salts, > 40% for the TLPMo salts, > 50% for 
TlPW salts and > 95% for the AgSiW salts. In contrast the AgPW salts had the largest 
portion of particles in the diameter range of 106 to 150 pm (100 to 150 mesh) while the 
pure acids were greater than 180 m. Variation in the cation to proton ratio used in the 
synthesis of the salt did not have an effect on the particle size distribution. 
The samples of catalyst used in the isomerization of 1-butene consisted of particles 
< 75 pn (< 200 mesh) in diameter with the exception of the AgPW salts. These salts 
were sticky in nature and a larger pvticle size was required to maintain a consistent 
residence tirne and avoid a build-up of backpressure in the reactor system. As a result, 
particles of 106 to 150 pm were used for reactions with AgPW. No dserence in activity 
was noted for HPW with a change in particle size. The particle size of a catalyst can 
have an efFect on the conversionB3 and selectivity" observed. However, inainsic kinetic 
data have not been detemiined in the present study so these effects were not considered. 
5.2.2 Charactenkation Techigues 
'H MAS NMR spectra were obtained with a Bruker AMX-500, with a .  extemal 
reference of benzene, at rwm temperature and the spinning rate of 7 kHz. Rior to the 'H 
MAS NMR measurements the sala were heated to 120 OC for 1.5 hours, aUowed to cool 
to m m  temperature for 1.5 hours, ail under a weak vacuum, and stored in a desiccator. 
The mass of the sample placed in the zirconia holder was recorded pnor to each 
measurement. 
For temperature programmed desorption of ammonia the sample was heated to 150 
11 1 
OC over a 20 minute period with a 20 mL/mia flow of helium, after which an aliquot of 
gaseous ammonia (20 mL) was injected. AAer one minute, the system was cwled to 30 
O C  over 30 minutes. The amrnonia was desorbed with a temperature ramp of 10 "C/min 
h m  30 OC to 650 OC, under a flow of helium (20 Wmin), and monitored by a HP5890 
gas chrornatograph equipped with a HP5970 s e k  mass selective detector. 
5.2.3 Apparuîus and Procedure 
The catalytic reaction for the isomerization of 1-butene was carried out in a small 
flow syaem, constructed fiom 1/8" stainless steel tubing (0.02" wall thickness), unions, 
connectors and valves, as depicted in Figure 5.2. A glass tube reactor, constructed fiom 
Pyrex, was attached using lM"- 1/8" reducing unions. The reactor tube (6 mm o.d., 4 mm 
i.d.) of 21 cm in length had a smaU bubble (15 mm in length, 10 mm 0.d.) placed in its 
centre, in which the sample of cataiyst (150 mg) was supported between two plugs of 
quartz wool. A themocouple was placed such that it was located 6.5 cm fiom the exit 
side of the tube. A fumace with an imer quartz sleeve surrounded the glas reactor tube 
and the heating was controLled by a Digi Sense proportional temperature controuer 
equipped with a Type K themocouple sensor. Temperatures could be set and mainbined 
to I0.2 OC. The stainless steel tubing leading f?om the exit of the glas reactor to the 
entrance of the gas chrornatograph was heated with heating tape to prevent condensation 
of products in the Lines. The reactant mixture could be directed through either the reactor 
or the bypass section. 
The catalyst was pretreated Ut si& in a flow of helium (20 mL/min) at the reaction 
temperature for 1 hou. prior to exposure to a mixture of 17% 1-butene : 83% helium, at 
the same flow rate. The flow of the gases was regulated using needle valves and 
monitored using rotameters. The reactant and products were analyzed with a HP 5880A 
gas chrornatograph equipped with a TCD and a Carbopack C column (2 meter x 1/8" OD) 
with the oven temperature set at 50 OC. Reaction temperatures were 100, 200, and 300 O C  
and initial activities were measured at IO minutes after the introduction of the reactant 
mixture, with furthet sampling at 70 and 130 minutes. The sample loop was injected to 
the GC by opening a four-way valve for 30 seconds and aU exits were vented to the 
Figure 53 - Cataiytic reactor system. (a) reactor bypass section; (b) reactor tube and 
- 
fumace; (c) reactant flow vent; (d) 4-way valve; (e) p d ~ &  flow vent; (f) 6- 
port valve; (g) rotameters; (h) pressure gauge. 
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fumehood. No conversion of 1-butene was observed with an empty reactor in the range 
of temperatures employed i~ the present work. 
5.2.4 Defiilions 
Cis- and tram-2-butene were the ody products h m  the isomerization of 1-butene. 
The % conversion was based on oniy the reactants and products monitored by the GC, so 
that 
%Conv =100 totnl moles of produc LY 
total moles of products + moles of unreacted 1 -bulene 
The selectivity of the products was expressed as a ratio of the two isomen of 2-butene. 
Selectivity = moles of cir-;?-butene 
moles of tram -2 dutene I 
53 Results 
5.3.1 DUtriburion of Acid Sites and Strengths. 
'H MAS NMR spectra had been obtained for the cesium, silver, and thallium salts 
of 12-ningstophosphoric and 12-tungstosilicic acids, along with thallium 12- 
moly bdop hosp hate. These spectm have previously been discussed in Chap ter 2 (Sections 
2.3.3 and 2.3.5) with the characterization of the micropore structures present in these salts. 
As a brief sunmary, the spectrum for TlPW salts consistç of a single resonance and as the 
cation-to-proton ratio increases, the relative peak area atîributed to the residual protons 
decreases. The chernical shift for protons in HP W has been reported as 6 = 9.6 ppm." 
With an increase in the relative amounts of cation used in the synthesis of the salt, the 
resonance for the raidual protons in the TiPW sh& upfield, reflecting a change in the 
chemical environment of the residual protons. (Table 5.1) In contmst to the TlPW salts, 
two resonances are praent for the residual protons in the AgPW salts. The larger, more 
intense peak mimics the TlPW salts and s e  upfield with the increase in the 
cationgrotoa ratio while a s m d a  weak resonance moves slightly downfield. (Table 5.1) 
The 'H MAS NMR spectm for the CsPW salts are similar to those observed for the W W  
salts, with a single resonance moving upfield as the catim-proton ratio is increased. The 
exception to this is found with the 0.85 salt which exhibits a shoulder on the dowufield 
side of its peak, indicating a portion of the residual protons reside in a second, slightly 
different environment This shoulder disappears with those preparations which employ a 
stoichiometric or excess amount of the cation to synthesize the salt (Table 5.1) It should 
be noted that an the peaks observed were overlapped with a very broad peak attniuted to 
the presence of water. 
TABLE 5.1 - Chernical s W  (ppm) of residual protons for the stoichiometric and 
nonstoichiome tric salts. 
Salt 0.85 1 .O0 1.15 
' A peak of weak intensity was also observed at 4.3 pprn. 
A shoulder was observed at 8.1 p p a  
' A shoulder was observed at 4.3 ppm. 
d A shoulder was observed ai 6.1 ppm. 
' A sshoulder was observed at 6.2 ppm. 
' A shoulder was observed at 8.4 ppm. 
For each of the three 12-hingstosilicate based salts examined, CsSiW, AgSiW and 
TISiW, the raulting 'H MAS NMR spectra each consisted of two peaks Iocated upfield of 
the pure acid resonance, noted in the literature as 6 = 10.9 ppm." (Table 5.1) Tàe 
intensities of the two peaks observed for the silver and thallium salts exchange as the 
amount of the cation is increased for the salt synthesis although the second raonance 
appears as a shoulder for the AgSiW salts. However, this does not appear to be the case 
for the analogous cesium salf CsSiW, as  the cesium content of the salt inmeases. The 
spectra for the three cation:proton ratios of the TlPMo salts mimics the trend observed for 
the TiPW salts. A single resonance is present in the 'H MAS NMR spectrum, which 
s e  upfield with the increase in the cation to proton ratio. (Table 5.1) AU three 
cation:proton ratios depict resunances upfield of those reported for the protons in HPMo, 
6 = 7.4 ppmg 
It should be noied at this point that the resonances recorded for the silver salts, 
AgPW and AgSiW, displayed anisotropy, indicated by spinning sidebands present in the 
'H MAS NMR spectra (not evident in the narrow region depicted in the spectra in Chapter 
2). For the AgPW salts this only occwed for the weaker resonance, located furtIiest 
upfieîd. Anisotmpy occurs when a proton, whose resonance is being observeci, is in close 
proximiv to other protons so that dipolar coupling is experienced. Dipolar coupling can 
be described as a direct, through space interaction of two nuclear magnetic moments. The 
spinning rate of the samples could not be inaeased higher than 7 kHz to rernove these 
spinning sidebands and minimize the anisotropy. The 'H MAS NMR recorded for the 
pure acids, HPW and HSiW, also displayed spinning side bands while neither of the 
thallium or cesium based salts contained resonances which were anisotropic. 
The absolute integrais were rneasured for each of the 'H MAS NMR spectra. The 
values obtained for HPW and HPMo, accouting for the amount of the sample measured, 
were set to be equivalent to three moles of protons per mole of Keggin anion, while the 
value for HSiW was set to be equivalent to four moles of protons per mole of Keggin 
anion. The absolute integrals of the salts were then nomialized with the value of the 
parent acid, taking into account the m a s  of each sample measured. The resulting values 
are summarized in Tables 5.2 and 5.3 and confhn previous indications that the relative 
amounts of residual protons decrease with the increase in the relative amounts of cation 
used in the synthesis. The silver salts for the two acids exarnined contain a larger portion 
of protons in cornparison to the analogous salts containhg either thallium or cesium 
Table 5.2 - Composition of 12-tungstophosphate salts containing residual protons. 
Salt Cation:Proton Ratioa EX+ / Keggin hionb 
' Reparative ratio. 
Calculated t?om absoiute intepls in 'H MAS NMR data. (moles/moles) 
' Assumed for calibration purposes. 
cations, which are sLnilar to one another. This difference may be athiiuted to the 
solubility limits characteristic of each salt The significantiy larger number of protons 
present in the silver salts, in cornparison to those containing either cesium or thallium, 
may explain the anisotrapic nature of the resonances present in the 'H MAS NMR specira 
of the former. Aithough expected to have the largest number of protons per mole of 
Keggin anion present in the series, the 0.50 AgPW salt contains the smallest number of 
these. This anomaly may be related to the auisobropic resonance. The portion of the 
absolute integral for the anisotropic peak in the 'H MAS NMR spectra, hcluding the area 
contnbuted by the spinning sidebands, recorded for the 0.85, 1.00 and 1.15 silver salts is 
Table 53 - Composition of 12-aingstosilicate and 12-molybdophosphate sa16 
containhg residuai protons. 
Salt Cation:Proton Ratioa H' I Keggin Anionb 
H4SiWIZ010 4.0' 
' Preparative ratio. 
Calculated fiom absolute integrals in 'H MAS NMR data. (moledmoles) 
' Assumed for calibration purposes. 
approximately 45 to 48%. In contmst to these three salts, the 0.50 AgPW salt has the 
upfield peak as the most intense in the spectnim and accounts for a significantly larger 
pohon of the total area. The presence of spmning sidebands, resulting h m  anisotropy, 
contributes to the error associated with the absolute integral measured. 
Temperature programmed desorptiou (TPD) of armnonia was carried out on each 
salt for the three cation-to-proton ratios (0.85, 1 .O0 and 1.1 5). Three distinct temperature 
ranges at which ammonia desorbed were present in the patterns observed for the AgPW 
saits (Figure 5.3) and are labeUed as weak (100 - 300 OC), intemediate (300 - 500 O C )  
Table 5.4 - Distribution of acid strengths and total acidiv of 12-tungstophosphate dts. 
Salt Cation: Pro ton Acid Strength Distriiutionb Total 
Ratio (% of total area) Specific 
Weak Intexmediate Strong 






Calculated h m  temperature-programmed desorption of ammonia. 
Temperature ranges used for acid strngth: 
weak (100 O C  - 300 O C ) ;  intemediate (300 OC - 500 OC); strong (> 500 OC) 
Total Specific Acidity = Total Area Count I (&, x mass of sample) 
Values multiplied by (x 108). 
strong (> 500 OC) acid sites. The three stoichiometries of the silver salts appear 
almost identical, with three peak maxima appearing at simüar temperatures and similar 
distriiutions between the three ranges of acid strengths. (Table 5.4) The total specific 
acidity for each salt was deterrnined by nomüilizing the total area recorded for the TPD 
pattern by the surface area (&) and m a s  of the sample. 
In contrast, the amount of ammonia adsorbed by the CsPW and W W  salts is at 
les t  an order of magnitude less than observed for the silver salts, which is consistent with 
the decreased nurnber of residual protons calculated h m  the 'H MAS NMR spectra. 
Three peaks are present in the TPD pattern for the 0.85 TLPW salt, with the largest peak 
appearing at approximately 580 O C .  (Figure 5 . 4 ~ )  The pattern for the stoichiometric TLPW 
salt (Figure 5.4b) shows a very weak peak at approximately the same temperature, but 
Temperature ( O C )  
Figure 5 3  - TPD of armnonia with Ag,PW,,O,. 0tion:proton d o s  of (a) 1.15; 
(b) 1 .OO; (c) 0.85. 
Temperature ( O C )  
Figure 5.4 - TPD of amrnonia with Ti,PW,,O,. Cation:pmton ratios of (a) 1.15; 
@) 1.00; (c) 0.85. 
100 200 300 400 500 600 
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Figure 5.5 - TPD of arnmonia with Cs3P W ,,O,. Catiotrproton ratios of (a) 1.1 5;  
@) 1.00; (c) 0.85. 
significantly l e s  ammonia is present on this salt than that made with a deficit of the 
cation. With the TiPW salt having an excess of thallium, a significant dflerence occurs 
with the most intense peak at the lowest temperature, as reflected in the distribution in 
Table 5.4, and a gradua1 decline in intensity as the temperature increases. (Figure 5.4a) 
Two shoulders are present on the higher temperature side of the peak, but a peak at 
greater than 500 OC is now absent. The arnmonia TPD for the 0.85 and stoichiometric 
CsPW salts (Figure 5.5) are similar to those observed for the analogous TLPW salts. The 
0.85 CsPW sait has three acidic sites, with the largest peak at approximately 575 OC. 
Again, the stoichiometric salt has a similar peak at this temperature but significantly less 
ammonia is present in cornparison with the deficit salt (Table 5.4) For the 1.15 CsPW 
salt, the most intense peak shih to a lower temperature, although not quite as low as the 
analogous TLPW salt 
The three siiver salts of 12-hingstosilicate are similar to the AgPW salts, having 
three distinct temperature ranges at which the amnonia is desorbed and Little variation in 
the distribution of acid strengths as the cation to proton ratio is increased (Figure 5.6 and 
Table 5.5). A larger portion of the sites are considered weak with the salt h m  the 12- 
tmgstosilicic acid. Similar to the 12-tungstophosphoric acid series, the amount of 
ammonia adsorbed by the TîSiW and CsSiW salts is at least an order of magnitude las 
than observed with the AgSiW salts. The nSiW and CsSiW salts also lack three weil 
defined regions for the desorption of ammonia. The TPD spectra of TlSiW (Figure 5.7) 
and CsSiW (Figure 5.8) contain the most intense peak at approximately 300 O C .  For the 
TïSiW salts, the shoulder on the higher temperature side of this peak deches as the 
cation:proton ratio is increased. With an excess of thauium, the lowest temperature 
regions accounts for most of the acid sites. (Figure 5.7 and Table 5.5) The CsSiW salts 
made with a deficit of the cation shows evidence of higher temperature sites at 390 O C ,  
which disappears with the increase in the catiorxproton ratio so that an excess of the 
cesium cation causes a significant increase in the portion of weak acid sites. (Figure 5.8 
and Table 5.5) 
Temperature (OC) 
Figure 5.6 - TPD of ammonia with A&SiW,,O,. Cationgroton ratios of (a) 1.15; 
(b) 1.00; (c) 0.85. 
Temperature (OC) 
Figure 5.7 - TPD of amrnonia with TI,SiW,,O,. Cationgroton ratios of (a) 1.15; 
(b) 1 .OO; (c) 0.85. 
Temperature (OC) 
Figure 5.8 - TPD of ammonia with Cs,SiW ,O,. Cationqmton ratios of (a) 1.1 5; 
@) 1 .OO; (c) 0.85. 
Table 5.5 - Distn'bution of acid strengths and total acidit>r for 12-tungstosilicate and 
12-moly bdop hosp hate salts. 
. - - - - - - - - - 
Salt Cation:Proton Acid Strength Distriiutionb Total 
Ratio (% of total ara)  Specific 
Weak Intexmediate Strong 
~ c i d i t y ~  
' Calculated nom temperature-progcammed desorption of ammonia. 
b Temperature ranges used for acid strength: 
weak (100 OC - 300 OC); intemediate (300 O C  - 500 OC); strong (> 500 O C )  
Total Specinc Acidity = Total Area Count / (& x mass of sample) 
(x IO8) 
The TiPMo salts made with a 15% deficit and stoichiomeûic amount of thallium 
have sim.üar TPD patterns with the major peak at appmximately 440 O C .  (Figure 5.9) 
This is reflected in the distribution of acid sites. (Table 5.5) With an excess of the cation, 
a significant shift occurs with the majority of the ammonia desorbed by 300 O C  (Figure 
5.9a), indicaihg the loss of the strongest acid sites. 
Temperature (OC) 
F i r e  5.9 - TPD of ammonkt with ïï,PMo,,O,. Cation.proton ratios of (a) 1.15; 
(b) 1.00; (c) 0.85. 
5.3.2 rsome&ation of 1 -Butene 
Isomerization of 1-butene with the silver and thailium salts of 12- 
tungstophosphoric acid was c&d out at 100 O C ,  200 O C ,  and 300 O C ,  with the 
cation~roton ratios of 0.50, 1.00, and 1.50. The activity of the catalya was measured at 
10, 70, and 130 minutes time-on-stream. The only products fomed were the ch- and 
li.ans- isomers of 2-butene. 
Table 5.6 - Isomerization of 1 -butene at 100 OC with salts of H,PW,,O,. 
Salt Preparative Conversion (%) C i s / T m  2-Butene - - 
Ratio 
1 O" 70 130 1 O" 70 130 
The conversion at 100 OC is summarized in Table 5.6 and at each of the sampling 
intervals, all three stoichiometnes of the AgPW salts have a higher activity than the pure 
acid, HPW. Of the three TIPW salts, only the one prepared with a 50% deficit of cation 
had a higher activity than HPW. A siight decrease in the conversion occurs as the cation- 
to-proton ratio is increased in the silver salts, at the initial sampling. This trend becornes 
more pronounced at higher eimes-0~-stream. The decrease in activity is more apparent for 
the TiPW salt series; particdarly the salt with an excess of cation has no activity. The 
ratio of the two 2-butene isomers produced at 100 OC, cis/bans, is shown in Table 5.6. 
Both the AgPW and TlPW salts have similar cir/tranî ratios which increase with the 
cation:proton ratio, although changes are generaily smaii for the AgPW salts. However, 
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the stoichiometric TPW salt has a marked increase in the amount of c&-2-butene &mer 
in cornparison to the salt made with a deficit of the cation. Increasing the he-on-stream 
does not appear to alter the produa distn'bution despite the decreased activity. 
Table 5.7 - Isomerization of 1-butene at 200 OC with salts of H,PW,,O,. 
Salt Freparative Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O' 70 130 
HPW 86 78 73 0.498 O .5 75 0.622 
A@w 0.50 87 86 85 0.513 0.539 O ,547 
1 .O0 87 87 87 0.527 0.526 0.528 
1.50 87 87 87 O .544 O .546 0.540 
TlPW 0.50 87 87 87 0.545 0.537 0.5 19 
1 .O0 87 79 70 0.575 0.689 0.789 
1 .50 O O O - - - 
Inmeasing the reaction temperature to 200 O C  eliminated any deche in activity a s  
the silver salts for higher times-on-siream or as the cation:proton ratio was increased. 
(Table 5.7) The AgPW sala have similar activities as HPW, which also shows only a 
slight deactivation as  it remains on-streaa With the increased temperature, the deficit 
and stoichiometric TPW salts aüain activities sirnilar to those of the silver salts during 
initial mewements at 10 minutes. The deficit salt maintains this level of conversion 
with increasing time-on-stream, but the stoichiometric salt shows a decrease similar to that 
observed with HPW. The 1.50 TLPW salt displays no activity. As with reactions canied 
out at 100 "CC, the ck/tram ratios are similar to those of the parent acid and they are 
maintained with ail three stoichiomeûies of the silver salt, along with the 50% deficit 
TlPW salt (Table 5.7) The amount of ciî-2-butene appears to increase with increasing 
tirne-on-strearn for the stoichiometric W W  salt, but is not as significant as at 100 O C .  
Table 5.8 contains similar results for the isomerization for 1-butene at 300 OC. At 
Table 5.8 - Isomerization of 1-butene at 300 OC with salts of H,PW,,O,. 
Sait Repmtive Convasion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
HPW 82 81 80 0.61 1 0.575 0.56 1 
AgPW 0.50 81 79 76 0.620 O .63 7 0.644 
1 .O0 82 8 1 80 0.634 0.645 0.652 
1 .50 82 8 1 80 0.648 0.646 0.650 
TSPW 0.50 82 81 81 0.654 0.64 1 0.64 1 
1 .O0 83 82 81 0.655 0.653 0.653 
1 .50 O O O 0 * - 
au three sampiing intervals there appears to be Little variation in the conversion between 
HPW (measured to be = 81%, Table 5.8) and the various stoichiometries of silver and 
thallium salts, with the exception of the t h a b  salt with a 50% excess of cation. At 300 
OC the conversion remains reiatively constant with increasing time-on-stream. The cis and 
barn isomers of 2-butene were the only products observed and the cb/i?ans ratios for the 
AgPW and TLPW salts are ody siightly larger than those observed with HPW, with M e  
variation occurring as the catalyst remains on-siream. (Table 5.8) 
The isomerization of 1 -butene was carried out with the 0.85, 1 .O0 and 1.15 
cation:proton ratios of the silver and thallium 12-aingstosiiicate salts. The three reactioo 
temperatures and three sampling intervals were identicai to those used by the analogous 
12-tungstophosphate salts. At 100 OC, the three stoichiometries of the AgSiW and TlSiW 
salts displayed lower activity than the parent acid, HSiW. (Table 5.9) Most notably, the 
AgSiW salts displayed only a trace of activity for the three stoichiometries investigated. 
The 0.85 TlSiW salt was the ody salt to display any significant activity at 10 minutes, but 
this diminished at higher times-on-stream. As with the 12-tungstophosphate salts, the ody 
products formed were the ck and tram isomers of 2-butene, sufnmarized in Table 5.9. 
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Table 5.9 - Isomerization of 1-butene at 100 O C  with salts of H,SiW,,O,. 
Salt Preparative Conversion (%) CisKrans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
- - - - - - - - - - - - - - - - - - - - - - - - 
WSiW 85 60 49 0.372 0.387 0.38 1 
AgSiW 0.85 2 1 1 0.659 0.576 O .540 
1 .O0 2 2 2 0.70 1 0.662 0.795 
1.15 2 1 1 0.712 0.502 0.475 
TlSiW 0.85 34 11 7 1.889 2.274 2.2 14 
1 .O0 2 2 I 1.912 1.585 0.94 1 
1.15 O O O - - - 
Small changes in the crS/'ans ratios are observed for the AgSiW salts as the cation 
composition of the saIt varies or increasing time-ou-stream, although these values are 
slightly higher than 0.4 noted for HSiW. Unlike the deficit TlPW salt, the 0.85 and 
stoichiometric salts of TlSiW have lower conversions and significantiy high values for the 
cis/trans ratio, although this does Vary as the reaction proceeds. 
Although the reactions with the AgSiW and TiSiW salts at 200 O C  have lower 
conversions than observed for HSiW (Table 5.10), there is a marked increase in 
conversions in cornparison to reactions carried out at 100 OC, most notably with the 
AgSiW salts. The pattern of a decrease in activity as the cation to proton ratio or time- 
on-stream are increased remains with the TlSiW salts, but the deficit and stoichiometric 
salts have similar conversions at sampling intervais of 70 and 130 minutes. The TlSiW 
salt prepared with an excess of thallium is inactive. At a the-on-stream of 10 minutes, 
the analogous silver salts do not mimic the observed pattern with the TiSiW salts with the 
cation composition of the salt The deficit and stoichiometric salts increase the conversion 
at 70 minutes, with a smaller range of activities observed for three catiorxproton ratios. 
With increasing time-on-sbeam to 130 minutes, there is a decrease in activity for the 
Table 5.10 - Isomerization of 1-butene at 200 OC with salts of H,SiW,,O,. 
Salt Preparative Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
HSiW 85 72 63 0.56 1 0.746 0.843 
Ag SiW 0.85 36 60 45 0.760 0.746 0.841 
AgSiW sa1ts. The cir/h-am ratios monitored for the AgSiW salts (Table 5.10) are larger 
than values obtained at 100 O C  and the parent acid at 200 OC. As observed with the 
AgPW salts, little variation occm in the czk/'t7-an.s ratio for the AgSiW salts as the cation 
composition changes in the salt or contact time with the reactant mixture increases. 
Similar to TlPW salts at 200 OC, there is an increase in the amount of ck-2-butene fomed 
as the thallium content is increased in the salt or with increased tirne-on-Stream. 
At 300 OC, a further increase in activity is noted for the 0.85 and 1 .O0 TlSiW salts 
for the isomerization of 1-butene, approaching the conversion of the pure acid, HSiW. 
(Table 5.1 1) With increasing time-on-stream, the conversion by the stoichiometric TlSiW 
salt was constant while the deficit sa1t decreased in activity. The 1.15 TLSiW salt showed 
no activity. In cornparison with reactions cmied out at 200 OC, the AgSiW salts have 
lower conversions at 300 OC, with the greatest activity at 10 minutes. (Table 5.1 1) With 
the increased time-on-stream a m e r  decrease occurs while the selectivities remain 
constant with changes in the cation:proton ratio. As observed with the HPW salts at 300 
OC, the 12-tungstosilicate salts have Me variation in the product distriibution as the tirne- 
on-stream increases and the cationqroton ratio increases. (Table 5.1 1) The value of 
Table 5.1 l - Isomerization of 1 -butene at 300 OC with salts of H,SiW ,,O,. 
Salt Preparative Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
HSiW 8 1 77 73 0.613 0.639 0.663 
AgSiW 0.85 24 1 1  8 0.999 0.967 0.955 
1 .O0 3 1 14 10 0.942 0.936 0.92 1 
1.15 28 10 6 0.962 0.972 0.93 1 
TlSiW 0.85 82 75 60 0.656 0.773 1 .O89 
1 .O0 71 71 70 0.89 1 0.898 0.92 1 
1.15 O O O - - - 
approximately 1 is larger than the cis/Iranr ratio of 0.6 noted for the pure acid. However, 
the 0.85 TlSiW salt produces a ratio similar to that observed with HSiW at 10 minutes 
time-on-stream and the selectivity for ch-2-butene increases with higher time-on-strearn. 
The thallium 12-molybdophosphate salts with the cation:proton ratios of 0.85, 1.00 
and 1.15 were also studied for the isomerization of 1 -butene. The parent acid, HPMo, 
showed low activity at aii three reactions temperatures investigated, as expected since 
HPMo is known preferentialiy as a redox cataiyst rather than acid catalyst. (Table 5.12 to 
5.14) At 100 "C the TLPMo salts series shows a decline in conversion as the thallium 
content or the-on-strearn is increased. (Table 5.12) As noted previously with other 
thaUium salts, the 1.15 TLPMo salt was inactive. The product distribution for the two 
isomers of Zbutene was unchanged with the time-on-strearn. However the crS/'an.s ratio 
increased by a factor of approximately two when the cation~roton ratio was increased 
h m  0.85 to 1.00. (Table 5.12) 
The conversion doubled for the TlPMo salts with a temperature increase h m  100 
O C  to 200 OC, and the 1.1 5 TlPMo salt displayed some activity. (Table 5.13) A decluie in 
the activiv of  the salt is observed as the preparative quantity of thaiiium or the time-on- 
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Table 5.12 - Isomerization of I -butene at 100 OC with H,PMo,,O, and Ti,PMo,,O,. 
Salt Reparaîive Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
HPMo 5 2 2 1.23 1 1.108 1.034 
TLPMo 0.85 28 12 9 0.965 1 .O07 1 .O00 
1 .O0 12 5 3 1.856 1.835 1.75 1 
1.15 O O O - - - 
a Time-on-stream (mins). 
Table 5.13 - Isomerization of 1-butene at 200 OC with H,PMo,,O, and ïl,PMo,,O,. 
Salt Preparative Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 1 O" 70 130 
HPMo 9 3 2 1.138 1.008 0.932 
TlPMo 0.85 59 34 26 1.067 1.342 1.420 
1 .O0 39 23 18 1.4 18 1 .596 1.640 
1.15 23 10 8 1,634 1.827 1.839 
a The-on--am (mins). 
Stream are increased. The product distribution tends to favour au increase in the cis 
isomer as the cation:proton ratio is increased (Table 5.13), although this is not as drastic 
as observed at 100 O C .  The inmase in temperature now causes the amount of ch-2- 
butene to increase with increasing time-on-strem 
Increashg the reaction temperature to 300 O C  does not change the initial activity, 
mouitored at 10 minutes, for the nonstoichiometric salts of TlPMo but the stoichiometric 
TlPMo approaches a level of conversion of the 0.85 salt. (Table 5.14) Unlike the other 
two acid-based salts investigated at 300 OC, there is a decrease in conversion as the 
reaction proceeds, which is more sigoificant than observed at 200 OC. The increase in 
Table 5.14 - Isomerization of 1-butene at 300 OC with H,PMo,,O, and TI,PMo,,O,. 
Salt Preparative Conversion (%) Cis/Trans 2-Butene 
Ratio 
1 O" 70 130 10" 70 130 
' Tirnean-meam (mins). 
temperature decreases the amount of cis isorner fomed, relative to tmns-2-butene, so that 
although there is an increase in the ratio of products cornespouding to the increased tirne- 
on-Stream and cation:protou ratio, it is not as  drastic as observed with reactions at 100 O C  
and 200 OC. 
5.4 Discussion 
'H MAS NMR has provided evidence that residual protons are still present in the 
isolated salts. Previous photoacoustic (PAS) FTIR studies have shown that the 
substitution of protons by larger monovalent cations in precipitated saits, prepared as 
stoichiometric, was incoqlete and protons stiU remained in the isolated solid." For the 
series of TLFW salts, the protons apparently reside in a single chernical environment with 
the peak area decreasing as  the cation-to-acid ratio is increased. The chemical shift of the 
pure acid, H,PW,,O,, is S = 9.6 ppng' With the increase of the cation:proton ratio in 
the W W salts, the resonance shifk upfield to a smalier chemical shi f t  Two resonances 
are present in the 'H MAS NMR spectra for the AgPW series of salts. The larger of the 
two peaks moves upfield with the inmase in the cation:proton ratio while the srnailet 
resonance is displaced slightly downfield, to a larger chemical shift The 'H MAS NMR 
spectra for the CsPW salts are similar to the TiPW salts with a single resonance moving 
upfield as  the cation:proton ratio is hcreased. A second resonance is present only for the 
0.85 CsPW salt, occurring as a shoulder on the b e r  peak. This dkppears for the 
sbichiometric and 1.15 salts. 
As discussed previously in Chapter 2, the two chernical shifts present for the 
AgPW salts could result fbm two different stoichiometnes of the sait coprecipitating, due 
to similar solubüities in water. However, the powder x-ray difltiaction patterns are not 
suggestive of an morphous phase, as would be expecîed if two different stoichiomeûies 
were present in the blated solid. Alternatively, only one stoichiometry of the salt may 
be fomed but the residuai protons may be able to reside in more than one site, differing 
in the chemical environment as the number of cations substituted into the neighbouring 
sites varies. This would explain the gradua1 shift upfield of the resonance as the amount 
of cation is increased and would account for the second resonance disappearing for the 
CsPW salts as the cation:proton ratio is increased. The animtropic nature of only one of 
the two resonances observed for the AgPW salts supports this assumption. 
For the three salts synthesized h m  12-tungstosilicic acid, iwo resonances are 
present in the 'H MAS NMR spectra, although in most cases, the second peak appears as 
a shoulder on a more intense peak, disappearing when an excess of the cation is used in 
the synttiesis of the salt In contrast, the thallium salts of 12-molybdophosphonc acid 
have a single resonance. As with the other series of salts, all of the chemical shifts 
reported for the observed resonances are smaller than those reported for the pure acids, 
6 = 10.9 ppm and 7.4 ppm for HSiw5 and HPMo', respectively, and are gradually 
shifted M e r  upfield as the cation-to-acid preparative ratio is increased. 
The smaIler chemical shift as compared to the parent acid, and the upfield shift 
with the increase in the cation-to-acid ratio indicates that both the nature and amount of 
cations are affecting the chemical environnent of the residual protons and, thus, their 
BrGnsted acidity. A number of arguments have been presented in support of the 
suggestion that the chemical shiA can serve as a rneasure for acid strengthg7 and it is 
generaiiy believed that an increase in the protium chemical shift is an indication of an 
increase in the Bronsted acid strmgth.''" The intemisr of the resolved line in the 'H 
MAS NMR spechum is directly proportional to the concentration of Bronsted acid sites." 
From these results it is apparent that the decrease in chernical s h i f t  (Table 5.1) and peak 
area (Tables 5.2 and 5.3) as the cationgroton ratio increases is indicative of a decrease in 
both the number and acid m g t h  of the residual protons as compared to 12-heteropoly 
acids. This is in agreement with previous work with zeolites.* The acid süe~~gth of the 
zeoiites decreased on exchange of the protons with metallic cations, with the stronger acid 
sites exchanging first 
The temperature-prograrnmed desorption of arnmonia from the silver salts of HPW 
and HSiW, synthesized with a 15% deficit or excess of the cation, revealed that the two 
stoichiornetries of the salt have similar nurnbers of acid sites and distriiutions of acid 
strengtbs. (Table 5.4 and 5.5) This correlated with the chernical shift in the 'H MAS 
NMR spectra, difFering for the two cation:proton ratios by 0.7 ppm for AgPW. (Table 5.1) 
In contrast to this, the TiPW and CsPW salts have a 2.0 ppm dflerence in chemical shift 
between the salts with a deficit and an excess of the cation. This change in the protium 
mvironment is reflected in the ammonia TPD spectra with a decrease in the number of 
strong acid sites as the cation-to-acid ratio for the TlPW sa[& is increased. (Figure 5.4 and 
Table 5.4) A s d a r  trend occurs in the ammonia TPD of the CsPW salts. (Figure 5.5 
and Table 5.4) The silver sa16 of HSiW have a larger ciifference in the chemical s W  in 
the 'H MAS NMR for the nonstoichiometric salts (cation:proton ratios of 0.85 and 1.15) 
and are notably higher upfield than the AgPW salts. Despite this, the ammonium TPD of 
these two ratios indicates a similar distribution of acid strength (Figure 5.6), although a 
larger portion are now considered weak in cornparison to the AgPW salts. (Tables 5.4 and 
5.5) The difference between chemical sW recorded for the nonstoichiometric salts for 
each of the nSiW and CsSiW senes is sirnilar to the AgSiW salts (Table 5.1); however 
for the ammonia TPD, a change is noted in the protium envimument as the cation:proton 
ratio is increased (Table 5 . 9 ,  sirnilar to that which is observed with the TlPW and CsPW 
salt series. It is also of interest that the amount of ammonia adsorbed by the thallium and 
cesiurn salts of each acid is approximately an order of magnitude less than that adsorbed 
by the analogous silver salt, consistent with the higher concentration of residual protons in 
the silver salts. (Tables 5.2) 
Evidently the distribution of acid strength is shifting: the numbers of sites of 
higher acidity decreases as the relative amounts of the cations are increased. Although 
temperature-prograrmned desorption experiments with ammonia cannot différentiate 
between Lewis and Bronsted acid sites, previous photoacoustic FTIR studies have shown 
that the acidity of 12-tungstophosphoric acid can be attniuted to Bfinsted acid sites with 
liale or no evidence of Lewis acid sites?'(a) It is expected that the derivatives prepared in 
the present work are similar in this respect 
Isomerization of 1-butene by the salts was initially canied out to gain an 
understandhg of the nurnber and nature of acid sites available in the catalyst by analysis 
of the conversion levels and produd distriiution, in cornparison to that of the parent acid. 
As discussed in the introduction, the monomolecular mechanisrn depicted in Figure 5.1 is 
foliowed with the fomation of the secondary butyl carbeniimi ion as the initial step. 
From this carbenium ion double bond isornerization will fom the cis and tram isomers of 
2-butene while skeletal isomerization will fom iso-butene. Recent experirnents in this 
laboratoryJO have indicated that an equilibrium is established between the secondary 
carbenium ion, 1-butene, cb- and pans-2-butenes (as indicated in Figure 5.1) and suggests 
that the 2-butenes are p r e c m r s  to 30-butene, indicating that the fotmer species are the 
prhary products while 30-butene is a secondary product. Stronger Bronsted acid sites 
and an increase in temperature are required to facilitate the skeletal reatrangement of the 
secon* butyl carbenium ion to a p r i m q  tert-butyl carbenium ion required for this 
product. This is in agreement with Gielgens et aLf4 who noted that skeletal isomerization 
could be suppressed while maintainhg activity for the linear isomers, indicating that 
skeletal isomerization requires a différent active site than that involved in linear 
isomerization. A decrease in &O-butene also correlated with a decrease in the byproduct 
fomation, indicating the latter is fomied by a consecutive reaction." Szabo et aL30 
calculated rate constants for the three successive reaction stages: fast double bond 
migration; skeletal isornerization; and formation of side produ&. The rate constant for 
double bond isomerization was higher than that for skeletal isomerization, as expected for 
a carbenium ion mechanism. 
Semiempuical quantum mechanical (Extended Hückel) calculatioos have predicted 
that solid heteropoly acids with anions containing tungsten should have higher acid 
strengths than those with molybdenua9' Isomerization of 1-butene with various 12- 
heteropoly acids revealed that the level of advity for the acid was not affected by 
changing the central atom in the Keggin anion in contrast with the observations where the 
peripheral metal element was changeci? This is consistent with the resuits observed for 
the three 12-heteropoly acids investigated in this work. (Tables 5.6 to 5.14) HPW and 
HSiW had similar conversions at each of the three reaction temperatures studied, although 
HPW deactivated quicker than HSiW at 100 O C .  In con- Iittle or no activity was 
observed for HPMo, even at temperatures as high as 300 OC. This pattern was not 
maintained after the partial substitution of protons by the monovalent cations of silver and 
thallium. 
The decrease in activity for the salts of HPW at 100 O C  as the cation:proton ratio 
Uicreases indicates the number of acid sites strong enough to facilitate the reaction 
decreases, although this is more apparent for the TLPW salt series. Despite this, all three 
stoichiometries of the AgPW salt display higher activity than HPW at each of the tbree 
sampling intervals. With the increase of the reaction temperature to 200 O C ,  all of the 
AgPW salts now maintain similar conversion levels, slightly higher than HPW, while the 
stoichiometric TlPW salt demeases in activity as the reaction progresses. At 300 OC aii of 
the salts, with the exception of 1.50 TlPW (which is inactive), have identical activities and 
selectivities, similar to the pure acid. 
In comparison, the silver and thallium salts of HSiW are not able to achieve a 
similar degree of conversion for the isomerization of 1-butene as the parent acid, even at 
reactions temperatures as high as 300 O C .  In contrast to AgPW, the silver salts of AgSiW 
attain their highest level of activity at 200 O C ,  rather than at 300 OC, with a greater 
variation in the conversioo as the cation:proton ratio is increased than that which occm in 
reactions canied out at either 100 O C  or 300 OC. The significantly lower conversion 
displayed by the AgSiW salts, in comparison to the analogous AgPW salts, are not 
surprising as the ammonia TPD revealed a greater portion of weak acid sites present in 
the AgSiW salts and smaller chernical shifts in the 'H MAS NMR spectra than observed 
with the AgPW salts. As before, the TïSiW salts display a decrease in activity as the 
cation:proton ratio and time-on-stream are increased, although increasing the reaction 
temperature to 300 O C  increases the stability. 
For the thallium molybdophosphate salts, the increased reaction temperature does 
not counteract the decline in activity corresponding to the inmase in the cation content m 
the salts or the tirne-on-stream, as observed with the previous salts. Unlike the analogous 
nSiW and W W  salts, isornerizaîioa reactions pdormed at 200 O C  and 300 OC are 
suficient enough to permit some activity of the 1.15 TlPMo salt In aii cases, the 
thallium sale have a higher activity than observed for the parent acid, HPMo. 
For the isomerization of 1-butene there is a noticeable decrease in the catalytic 
activity, although not necessarily the selectivity to the products, h m  the initial sample of 
the fresh catalytic surface at 10 minutes to sarnples taken 70 and 130 minutes a* 
exposure of the catalyst to the reactant mixture. It is believed that this decrease in 
conversion results hrn the relatively slower rate of regeueration of the Bronsted acid sites 
in comparison with the rate of fornation of the olefinic products on a release of a proton. 
(Figure 5.1) Evidence of the coking of the catalyst has been estabikhed by IR studies of 
supported 12-tungstophosphoric acidY3 
In all of the reactions canied out with the silver and thallium salts of HPW, HSiW 
and HPMo, only the ck and tram isomers of 2-butene were formed. No evidence of C,, 
C,, C,, ..., C, species were present to give an indication of a bimolecular process. None of 
the catalysts investigated possessed sites of sufficieut strength to facilitate the skeletal 
isornerization required to fbrm &O-butene during the isomerization of 1-butene at the 
reaction temperatures investigated. This is not surprising since both the 'H MAS NMR 
and TPD experiments with ammonia revealed that there is a decrease in the Bronsted 
acidity with the increased substitution of cations in comparison to the pure acid. 
Although isomerization of 1 -butene at 300 OC by 12-tungstophosphoric acid failed to 
produce h-butene (Table S.@, supported HPW was capable of forrning ko-butene during 
the isomerkation of 1-butene at these temperatures.'" 'H MAS NMR studies of the 
supported acid revealed a downfield SM of the protium resonance, to a larger chernical 
shift, fiom that reported for the unsupported HPW, indicating an increase in acid strength 
when the acid is s ~ ~ p o r t e d . ' ~  With the supported HPW, there was aiso evidence of a 
bimolecular process under the reaction conditions employed, but this may be only for the 
forniaton of the byprodu~ts.~" 
Fonmtion of the ciF and mm isomers of 2-butene occurs through the secondary 
butyl carbenium ion, which is considered to be a metastable species, not equivalent to a 
transition state." The equilibrium dktriiution of 1 -butene:ciF-2-butene~ram-2-butene is 
9.3 : 29.8 : 60.9 at 150 giving a crS/ïrans ratio of 0.49, and 18.0 : 32.5 :4 9.5 with a 
cU/trans mtio of 0.656 at 300 Isomerization of 1-butene with HPW and HSW acids 
m l &  in cir/tram ratios similar to the equilibrium distn'bution values (Tables 5.6 and 5.7) 
with reaction at 100 O C  slightly lower than the distnaution reported for 150 O C .  The 
ck/frans ratio resultbg fiom the reaction over HPMo were close to values of 1.0 with 
little variation with the changes in reactioo temperature. (Table 5.8) 
The silver salts of AgPW and AgSiW produced the cLr and t ~ u m  wrners of 2- 
butene in ratios proportional to equilibnum values. Oniy minor variations occurred with 
the increase in the cation:proton ratio used ta prepare the sait. This is consistent with the 
ammonia ïPD spectra in which little change in the distribution of acid strengths occurred 
with the stoichiometxy of the salt There was littie variation in the product distriiution for 
the silver salîs with the higher times-on-strearn. The exception to this was with the 
AgSiW salts at 300 OC where the ratios of cidaam isomers were close to a value of 1. 
The TlPW salt prepared with a 15% deficit of the cation produced the two isomers 
of l-butene in ratios similar to the equilibrium values. However, when the cation content 
was increased for the stoichiometric salf the proportion of cir-2-butene increased to 
produce a cWb-anr ratio higher than the equilibrium value. Increasing the time-on-*am 
for the 1.00 TlPW salt increased the selectivity for cis-2-butene, relative to the tram 
&mer while increasing the reaction temperature decreased the selectivity for cis isomer 
so that equilibrium values were attained for the reactions perfonned at 300 OC. 
For the TISiW salts, reactions at 100 O C  produced a random pattern with the 
cis/iran.s greater than 1. The pattern similar to the TLPW salts with the increase in the 
crS/.um ratio with the increased tirne-on-stream and hcreased cation:proton ratio, became 
apparent with the increase of the reaction temperature to 200 OC. Increasing the reaction 
temperature to 300 O C  decreased the hction of cir-2-butene although the r e s u h g  
cis/tram ratio was sti i l  greater than equih'brium values and increased for the deficit sait 
with increasing time-on-stream. The TlPMo salts rnimic the pattern observed with the 
other thaiiium salts, with the hction of cis-2-butene produced increasing as the tirnean- 
Stream or thallium content of the salt increased. Reactions at 100 O C  show the greatest 
range in the ck /~uns  ratio, although ail ratios are greater than 1, higher than observed for 
the pure acid. 
Isomerization of 1-butene is considered as a "dace-type" reaction with 12- 
heteropoly oxometalates due to the iimited ability of nonpolar molecules, such as 1- 
butene, to be adsorbed into the bulk of 12-hetempoly a~ids .%*~ In the present heteropoly 
oxornetalate salts, the creation of a micropore structure now permits f?eer access of 
nonpolar molecules into the bulk. Invatigating the isornerization of 1-butene with 
zeolites, Xu et al9' attniuted the preferential fonnation of the CM-butene to the strong 
stmic interaction between the pore waU and methyl groups of the secondary carbenium 
ion. As noted in Chapter 2, the mean micropore radii ( r d  observed in the present salts is 
Iarger than the radius of the 1-butene molecule. In addition, variations in the 
cation:proton ratios have M e  or no influence on the mean micropore radius and the 
maximum micropore volumes occur for salts prepared with a stoichiornetnc quantity of 
preparative reagents so this explanation cannot account for the increase in the cidirans 
ratio as the cation to proton ratio is increased. 
With the isomerization reactious canied out with the pure 12-heteropoly acids it 
was concluded that the formation of the cb isomer is favourable for catalysts which are 
weakly acidic." This had previously been noted with other catalystsL% although 
numerical values reported for the cIj./b-am ratio are largely dependent upon the nature of 
tbe acid sites (Lewis or Bronsted) and the resulting mechanism for isomerization. This is 
consistent with the observations for the ammonia TPD, in which a greater portion of acid 
sites are classified as weak with the increase in the cation:proton ratio for all the three 
senes of thallium salts examined. At reaction temperatures of 300 OC the cU/trurts ratio 
rernains unaltered on changes in the preparatve ratio of the salt 
As evident h m  the nitrogen adsorptiondesorption isotherms, 'H MAS NMR and 
ammonia TPD, partial substitution of the protons by monovalent cations of cesium, silver, 
and thallium affects three characteristics of the salts: a rnicroporous structure is created, 
the number of Bronsted acid sites is decreased, and the distrr'bution of acid sites is s W .  
As noted eariier, variations in the cationqroton ratios have signincant effects on the pore 
volumes but little or no influence on the mean micropore radius, as wodd be expected 
h m  the hypothesis of the source of the pore structure advanced earlier?' Not 
surprisingly, however, the number of residual protons and the chemical environment in 
which they reside are altered by changes in this ratio. With respect to the isomerization 
of 1-butene, the change in the distribution of acid sites for the thallium sa16 is reflected in 
the product distribution of the two isomers of 2-butene formed. A significantly larger 
number of protons present in the silver salts in combination with a consistent distribution 
of acid strengths, despite variations in the cation:proton ratio, contributes to consistent 
levels of conversion and selectivities despite the stoichiorneûy of the salt or the duration 
for which it is left in contact with the reactant mixture. An increase in activity, in 
comparison to the parent acids, is only observed for the AgPW salts, by a marginal 
amount, and the TlPMo salts. 
It can be conchded ttiat four characteristics of the salts bave an effect on the 
conversions observed in the isomerization of 1-butene: (1) the nature of the cation, (2) the 
morphological properties of the catalysts, (3) the number of protons, and (4) the 
distniution of acid strengths. For a given cation, the preparative cation:proton ratio 
detemiines the 1st three. To elucidate the effect of the cations on the residual protons the 
conversions were divided by the appropriate surface areas and number of protons. (Table 
5.15 and 5.16) These values of conversion/[m2]~ should minimize or eliminate the 
influence of the numbers of protons and morphological differences among the catalysts on 
the observed conversions. 
For the salts displayhg activity, the thallium-containing salts generally had higher 
conversions in the isomerization of 1-butene than the analogous silver salts of the sarne 
heteropoly acid, at each of the three reaction temperatures. These findings are consistent 
with the larger separations between the 'H chemical shift for the silvefl) salts and that 
observed for the parent acid in cornparison with the analogous thallium salts and the 
Table 5.15 - Conversion of 1-butene at 10 minutes with salts of H,PW,,O, and 
Ti,PMo,,O,. 
- -  - - - - - - - - - - 
Salt Preparative Convemion* I [(m2)o] 
Ratio 
100" 200 300 
" For measurements taken at IO minutes. 
Moles of products multiplied by (1 x 
Reac tion temperature (OC). 
srnalier number of strong acid sites present in the former. 
Semiempirical calculations have predicted the sequence of acidic strengths for the 
12-heteropoly acids to be H,PW,,O, > H,SiW,,O, » H,PMO,,O,? Consistent with this 
prediction, the HPW sala had higher conversions of I-butene than observed with the 
HSiW salts. The increased stability of the TPMo salts is reflected in the higher 
conversion for these salts when compared with TiSiW salts, aithough the values of the 
fonner are smaller than W W  salts. As the cation:proton ratio or reaction temperature 
inmeases, the HPW derived salts produce lower conversions. In contrast, the HSiW salts 
and TlPMo salts show an increase in conversion as the preparative cation:proton ratio or 
reaction temperature is increased. 
? l e  semiempirical quantum mechanical calculations which detemiined the 
sequence of acidic s~engths for the heteropoly acids indicated that the negative charge on 
Table 5.16 - Conversion of 1-butene at 10 minutes with salts of H,SiW,,O,. 
- - -  
Salt Reparative Conversiono / [(m2)o] 
Ratio 
100' 200 300 
" For rneasurements taken at 10 minutes. 
Moles of products multiplied by (1 x Id7). 
Reaction temperature (OC). 
the temiinal oxygen atom in the Keggin anions has an effect on the mobility of the 
protons, and thus the acidity of the heteropoly acid?' Changing the peripheral metal 
atorns ftom tungsten to molybdenum would increase the coulombic binding of the proton 
as the charge on the terminal oxygen atoms is increased, while protonic mobiiity and 
acidity will decrease. It appears that the introduction of larger cations into the lattice 
structure with the Keggin anions also reduces the mobiiity of the protons. The larger size 
and repulsive interactions of the cations could restrict the physical movement of the 
protons. In addition, the nonprotonic cations may perturb the electmn densities of the 
anions, altering the magnitude of the charge on the terminal oxygen atoms. The charge 
density of Ag' is greater than n', which is in approximate agreement with the trends 
observed in the NH, TPD, 'H MAS NMR and butene conversion results. 
It should be noted that while these intqretations are speculative, the influence of 
the larger nonprotonic cations on the acidic properties of the heteropoly acids as a result 
of direct andlor indirect interactions of the protons and the cations is aident. 
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6.1 Introduction 
The conversion of methanol to hydrocarûons gained attention in 1977 with the use 
of HZSM -5 zeoiïtes as catalysts by Chang and Silvesd The well defined pore structure 
and Brhsted acidity characteristic of zeolites promoted an industrial interest in the 
development of a methanol to gasoline process on ZSM-  type zeoIites." Despite the 
general acceptance that the dehydration of the alcohol was the initia1 step of the procas,' 
there was firrther debate as b the mechanism involved in the formation of the f k t  
carbon-carbon bond. Chang discusses the postulated mechanisms (the carbene, the 
carbocatiou, ylide and radical pathways) by which the carbon-carbon bond fornation 
o c c ~ r s . ~  The lack of direct evidence to detemûne the operative rnechanism promotes 
continued work in this field. 
In the discussion of the structural aspects of the 12-beteropoly oxometalates in 
Chapter One, it was mentioned that photoacoustic (PAS) FïIR shidies demoostrated that 
polar molecules sucb as  ammonia, pyridine, and methanol were capable of peneûating 
fiom the vapour phase into the bulk structure, where interaction with the protons may 
occur.* This was of particular interest since the 12-heteropoly acids typically had very 
srnail surface areas (< 10 m2/g)6 and lacked a microporous structure. In 1982, the 
catalytic behaviour of 12-tungstophosphoric acid for the conversion of methanol to 
hydrocarboûs was published f?om work carried out in this lab~ratory.'(~' During the 
1980's further reports of the 12-hingstophosphoric and 12-tungstosilicic acids and s e v d  
related salts (alkali, alkaline earths, transition metals, and ammonium) studied as 
heterogeneous catalysts in this reaction continued to be p~blished."'~ 
The fint reports by Ono et aL8(ah@Mdue) descnbed extensive studies of the silver(I) 
and coppefl) salts of these acids and revealed that they perfonned as well as or better 
than the fixe acids for the methanol process. They attributed the increased activity to the 
Bronsted acidity of the salts. They reasoned that these Brensted acid sites were formed 
when the metal was reduced by molecular hydrogen, as depicted in Equation 6.1, fomed 
1 Ag' + + Ag0 + H' 
during the decornposition of methanol. This would grnerate a proton which would 
become the operative acidic site m the methanol conversion process. This view was 
maintained by Misoao in review articles discussing the catalyûc abilities of the 12- 
heteropoly salts. l 2  
Work in this Iaboratory has indicated that residual protons are present in the salts 
after theu preparation, apparently contradicting Ono's theory as to the source of Bronsted 
acid sites. PAS RIR studies revealed that the precipitation of salts, prepared as 
stoichiornetric, was incomplete and protons remained in the k!ated solid.' Further 
evidence is provided by solid state 'H NMR çtudies of the Ag,PW,,O, and A&SiW,,O, 
salts, as discussed in Chapter Five (Section 5.3.1); protons are present in the silver salts 
and the concentration of these acid sites is affected by the preparative cation:proton ratio 
ernployed. 
Studies by Hayashi and   of fat'('^') concluded that the dehydmtion of methanol 
follows a similar dehydration step, as evident with the ZSMJ catalysts.' The seledvity 
of the products was strongly dependent upon the peripheral metal for the acids, with the 
12-tungstophosphoric acid forming primarily hear and branched hydrocarbons, coosisting 
predominantly of C, to C, olefins, while the analogous H3PMo,,0, acid produced larger 
amounts of carbon monoxide, although the catalyst was quite ac t i~e .~ (~ )  Further studies of 
12-tungstophosphoric acid revealed that the amount of dimethyl ether produced decreased 
as the residence t h e  was increased h m  50 to 1000 mg-cat min/mL He(g), while the 
selectivity towards hydrocarbons increased. At the highest residence times, the amount of 
the longat hydrocarbon produced reached a limiting value or decreased, with the 
coincidental increase in the production of methane. 
PAS Fi ïR s t u d i e ~ ' ( ~ ~ )  of methanol and intemediates on the adsorbed surface of 
H,PW,,O,, pnor to the carbon-carbon bond formation, indicated that protonation of 
methanol, forming CH30H,*, was the initial step in the production of higher hydrocarbons. 
The molecular ion is proposed to dissociate to CH,+ and H,O with the CH,* subsequently 
interacting with a terminal oxygen atom of the Keggin anion to form a surface methoxy 
intermediate. Further evidence of the formation of the methoxide species was pmvided by 
an observed change in the "C MAS W chernical shifi of the methylene species, afkr 
methanol had been adsorbed by the heteropoly acid." This species was identified as a 
methoxide, 
Formation of dimethyl ether and regeneration of the protons was proposed to occur 
by the interaction of the physisorbed methanol molecule and the surface methoxide 
inter~nediate.~ Although the authors were not able to provide direct evidence for the 
emergence of a single mechanism for the initial carbon-carbon bond formation, they 
concluded that the evidence and that found in the literahue indicated the onium ylide or 
carbene mechanism must be operative over HPW.~(') This was also consistent with the 
observed production of methane from longer hydrocarbon chaius, known to proceed 
through a carbonium ion intermediate. 
The metal salts7@) and ammonium sait7(') of 1 2 -hingstophosphoric acid resulted in 
dserences in activity fiom the parent a d .  In particular, the microporous m 4 ) 3 P W , 2 0 a  
produced higher conversions of methanol and this increase in activity could not be solely 
accounted for by the increased surface area of the salt7 Under similar reaction conditions, 
the product disnibution by the ammonium salt consisted d y  of p a r a h ,  rather than 
olefins as observed with the parent acid, and the selectivity to meîhane did not increase 
with the increase in the residence tirne. The ammonium salt was also noted to have an 
increased thermal stability and a decrease in the strongest acid sites in the acid strength 
These properties encouraged a more rigorous study of the surface 
characteristics of the monovalent salts of H3PW,,0,, H3PMo,,0,, H,SiW,,O, and 
H,AsW,,O,.'"'~ From investigations of the conversion of methanol with the ammonium 
salt, it was concluded that the surface area, microporosity, and distribution of acid 
strengths have an effect on the ability of a 12-heteropoly oxometalate salt to perfom as a 
caîalyst. 
To provide insight into the influence of pore confinement in the zeolite structure 
and on the nature of the pathways and reaction intermediates involved, an extensive study 
has been carried out by Thomas and coworkers" in the conversion of a senes of butyl 
alcohols (specifically n-. &O-. sec- and tert-butanol) with the zeolite HZSM -5. The 
dehydration of butyl alcohols bas proven to be a usenil reactioa to characterize acid sites 
of a catalyst, detecting small changes in their acid strength and concentration and such 
experiments would complement the work previously canied out with the isomerization of 
1-butene, discussed in Chapter 5. 2-Butanol has been used with alumina" and mechanical 
mixtures of oxides.I9 Delrnon and coworkers have employed 1-butanol with pure and 
modified a l~ rn ina ,~~  silica aluminas,fl and more recently pure and modified alunha 
phosphate (AlPO,)." Others have utilized this alcohol to examine alumina and hmgsten 
oxide. highly dispersed 12-hmgstophosphoric acid," and alumina on a caîalytic 
membrane.25 
As discussed in Chapter Five, partial substitution of the protons in the 12- 
heteropoly oxometalates by monovalent cations of cesium, silver and thallium affects three 
characteristics of the salts: a micmporous structure is created, the number of Br6nsted acid 
sites is decreased and the distn'bution of acid strengths is shifted. Variation in the 
cation:proton ratio alters the number of residual protons and the chernical environment in 
which they reside. Using these results and interpretations of the previous work with butyl 
a l~oho l s , '~ -~  the objective of this chapter is to provide m e r  information on the catalytic 
properties of the caium, silver, and thallium salts of the three 12-heteropoly acids by 
investigating the dehydration of a series of butyl alcohok, specifically tert-butanol, 2- 
butanol, and 1 -butanol. These results, in collaboration with the results from 'H MAS 
NMR and temperature programmed desorption of ammonia in Chapter Five assessing the 
number of acid sites available within a specific salt and the distribution of acid strengths, 
will provide M e r  information on the dependence of catalytic properties of these salts on 
the nature of the cation, the stoichiometty, and morphology of the salts. This d l  provide 




Helium was purchased b m  Raxair, 1 -butano1 from Fisher (Reagent A.C.S.), 2- 
butanol h m  BDH (Anala R Grade) and tert-butanol b m  MCB Reagents. Ail three 
alcohols were used as received. 
The cesium, silver, and thallium salts of 1 2-tungstophosphoric, 12-tungstosilicic, 
and 12-rnolybdophosphoric acids were prepared as outlined in Section 2.2.1. For the 
dehydration of butyl alcohols, the preparative cation:proton ratios of 0.85, 1.00, and 1.15 
were examined for the cesium, silver, and thallium salts of 12-hingstophosphoric acid 
(denoted as CsPW, AgPW, and TlPW, respectively), of 12-tungstosilicic acid (denoted as 
CsSiW, AgSiW, and TISiW, respectively) and thauium 12-molybdophosphate (denoted as 
TlPMo). 
The 1 2- heteropoly oxometalate salts precipitated spontaneously as microay stalline 
materials and the particle sue distriiution of each salt was discussed in Setion 5.2.1. 
The sampies of catalyst used in the dehydration of the butyl alcohols consisted of particles 
< 75 pm (< 200 mesh) in diameter with the exception of the AgPW salts. These sa16 
were sticky in nature and a larger particle size was required to rnzintain a consistent 
residence thne and avoid a build-up of backpressure in the reactor system. As a result, 
particles of 106 to 150 pm in diameter were used for reactions with AgPW. No 
difference in activity was noted for HPW with a change in particle size. The particle size 
of a catalyst can have an effect on the conversion26 and selectivie7 observed. However, 
since inûinsic kinetic data have not been detemiined in the present study these effects 
were not considered. 
6.2.2 Apparatus and Procedure 
The catalytic reaction for the dehydration of butyl alcohols was carried out in a 
small flow system, constnicted fiom 118" stainless steel tubing (0.02" wail thickness), 
unions, connectors, and valves, as depicted in Figure 6.1. A U-shaped glas tube reactor, 
constnicted from Pyrex, was attached using 1/4"-118" reducing unions. The reactor tube 
(6 mm 0.d.. 4 mm i.d.) was 22 cm in length and a small consûiction was placed 8 cm 
Figure 6.1 - Catilytic reactor system. (a) rotameters; (b) saturator containing alcohol; (c) 
reactor bypass section; (d) reactor tube; (e) temperature bath. 
h m  the inlet side of the tube at which the sample of catalyst (100 mg) was supported 
between two plugs of quartz wool. The glas reactor tube was imniersed in a Neslab 
contmlled temperature water bath, füled with silicon oil, and temperatures could be set 
and maintained to I0.5 OC. The stainless steel tubing leading h m  the exit of the glas 
reactor to the entmnce of the gas chromatograph was heated with heating tape to prevent 
condensation of products in the lines. The reactant mixture could be directed through 
either the reactor or the bypass section. 
The catalyst was pretreated in si& at the reaction temperature for 1 5 minutes for 
reactions with tert-butanol and 20 minutes for the 1- and 2-butanols under a flow of 
helium (9 mL/min). To introduce the reactant, helium was passed through a saturator 
containing the alcohol at 25 OC, at 9 mWmin, and then passed through the glas reactor 
îube containing the catalyst. The flow of the gas was regulated using needle valves and 
monitored using rotameters. The reactant and products were analyzed with a HP5890 gas 
chromatograph equipped with a TCD and 1% SP 1000 Carbopack B column (60/80, 8' x 
1/8" OD). Initial activity was measured at 5 minutes after the catalyst was in contact with 
the reactant mixture. Additional rneasurements were taken every 15 minutes for tert- 
butanol and every 20 minutes for the 1 - and 2-butanols for a period up to two hours. The 
level of activity remained constant after the initial deactivation so that averages were 
taken of deactivated rneasurements between 40 and 120 minutes on-siream. Two trials 
were perfomed for each experiment and in most cases the average of the bvo is reported. 
The dehydration of tert-butanol was carried out at 46 O C  and the dehydration of 1- and 2- 
butanol at 108 OC. The sample loop was injected to the GC by the programmed switching 
of a solenoid six-way valve for 6 sec and ali exits were vented to the fumehood. No 
conversion of the butyl alcohols was observed with an ernpty reactor in the range of 
temperatures employed in the present work. 
6.2.3 Defùiitiorts 
Dehydration of tert-butanol produced only iso-butene. Ci+ and tram-2-butene, 1 - 
butene and small amounts of butane were the only products observed in the dehydration 
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of 1- and 2-butanok. M a s  balances of l e s  than 100% are commoa in the present work, 
due to the retention of alcohois a d o r  their decomposition products on the catalyn In 
most cases, the mass balance increased as the reaaant time progressed. As a resdt of 
this. the % conversion was based on only the reactants and products monitored by the GC, 
so that 
%Conv=100 
t o ~ l  moles of products 
moles of produc& +moles of unreacted alcohol 
The selectivity was calculated on the product basis. 
O/. Sdeciivity (1) = 100[ moles of component i 
total moles of producis 1 
63 Resuits 
6.3.1 Dehydration of tert-Butanol. 
Dehydration of tert-butanol at 46 OC produced only ko-butene and was a facile 
reaction for ail of the salts investigated. Figure 6.2 shows the conversion for the salts of 
12-tungstophosphoric acid examined, measured at 5 minutes and after 120 minutes. while 
the conversion for the pure acid, HPW, was calculated to be 37% at 5 minutes and 7% at 
120 minutes. AU three stoichiometries of the AgPW salts displayed higher activities than 
the pure acid at both sampling intervals. Both the thallium and cesium salts synthesized 
with a deficit of the cation as weU as the stoichiometric TLPW salt produced higher 
conversions than the pure acid at 5 minutes. A decrease in activity occurred for these 
salts at higher &es-on-stream with the tert-butanol, but the stoichiomeîric and deficit 
salts rnaintained higher conversions than found with HPW. For the initial and subsequent 
measurements, similar activities were noted for the various stoichiornetries of the cesium 
and thallium salts. 
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Figure 6.2 - Conversion of tert-butanol at 46 OC with salts of H,PW,,O,. 
AgSw TlSiW t CsSiW a 120 min r 5 min 
Figure 63 - Conversion of tert-butano1 at 46 OC with salts of H,SiW,,O,. 
1 .O0 
Cation: Proton Ratio 
Figure 6.4 - Conversion of tert-butanol at 46 O C  with 'Iï,PMo,,O, saltr. 
salts as the preparative cation:protoo ratio is increased, both with the fksh catalyst and 
afker remaining on-stream, although this decline in activity is more pronounced at the 5 
minute sampling. The exception to t&is is the slight increase in activity observed for the 
0.50 TlPW and AgPW salts relative to the respective 0.85 salts. 
In conmt  to 12-tungstophosphoric acid, the HSiW acid increases in activiq with 
increasing the-on-stream. The conversion of tert-butanol with HSiW was calculated to 
be 9% at 5 minutes and 66% at 120 minutes. The thallium and cesium salts displayed 
higher activities than the pure acid at 5 minutes, while the silver analogues have relatively 
small activities. (Figure 6.3) A significant decrease in conversion occurs for the TlSiW 
salts with increasing time-on-stream whiie no significant changes are apparent for the 
silver and cesium salts. As the preparative cation:proton ratio is increased, there is a 
slight decline in activity for the three 12-tungstosilicic salts. 
In the dehy dration of tert-butanol by 1 2-moly bdop hosphoric acid, initial 
conversions were approximately 1 to 2%. The pure acid decomposed, formhg a dark 
green liquid in the reactor tube. The thallium salt of 12-molybdophosphoric acid 
remained stable throughout the reaction and mimicked the trend obsenred with the salts of 
HPW. (Figure 6.4) A decrease in conversion occurs as the cation to proton ratio is 
increased and with increasing tune-n-stream. The deactivation as the preparative ratio is 
increased is more pronounced with measurements taken at 5 minutes. 
The deactivation of the salts with tert-butanol occurs quickly, within 15 minutes 
after exposure to the reactant. However, this new level of conversion is maintained with 
catalysts prepared with a 15% deficit of the cation left on-stream for more than twelve 
hom. 
6.3.2 Dehydration of 2-Butanol. 
The dehydration of 2-butanol was c d e d  out at 108 OC, under otherwise identical 
reaction conditions to tert-butanol. The higher temperature was required to fâcilitate the 
dehydration of 1- and 2-butanols. It was also observed that a narrower temperature range 
was present for these two alcohols for the 0% and 100% levels of conversion than 
observed for tert-butanol. 
Figure 6.5 summarizes the conversion for 2-butanol by the 1 2-hingstop hosp hate 
salts. With the fresh cataiysts, al1 three salts synthesized with a deficit or stoichiometric 
amount of the cation have a conversion sirnilar to that with HPW, which was obsemed to 
be 95%. Except for the salt containing silver, a significant decrease occurs for the salis 
made with an excess of the cation. At this high reaction temperature, Littie deactivation of 
HPW is observed with increasing time-on-strearn. A similar trend is evident for the silver 
salts. However, the stoichiometric thallium and cesium salts show a significant decrease 
in conversion with increasing timedn-stream and 1.15 TLPW and CsPW salts have litîle or 
no activity at the higher the-on-strearn. (Figure 6.5) 
The products produced by the dehydration of 2-butanol were primarily the c k  and 
tram isomexs of 2-butene, together with 1-butene. In sorne instances, particularly with a 
fksh surface and a shortage of the cation, trace amounts of butane were present. Tables 
6.1 and 6.2 summarize the product distribution observed for the dehydration of 2-butanol 
by the parent acid and salts. Despite the dependence of the activity on the nature of the 
cation or the amount of cation used to synthesize the salt, the product dis~bution remains 
similar for the AgPW and TiPW salts, regardless of their stoichiometries, with average 
selectivities of 64, 28 and 8% found for pans-2-butene, cir-2-butene, and 1-butene, 
respectively. This pattern is rnaintained at higher tirnes-on-stream (Table 6.2). The 
product distribution for the CsPW salts is affected by the cation:proton ratio with an 
increase in the selectivity to ck-2-butene as the relative amount of the cesium cation is 
increased. 
Dehydration of 2-butanol by 12-tungstosiiicic acid remains constant at 87%, 
irrespective of the tirne-on-stream. Only salts synthesized with a 15% deficit of the 
cations have sirnilar activities to the pure acid with initial measurements taken at 5 
minutes. (Figure 6.6) The conversion deneases as the preparative stoichiometry is 
increased, although this appears to be more gradua1 with the silver salts than either of the 
TîSiW or CsSiW salts. With increasing time-on-stream, unlike the parent acid, 
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Figure 6.5 - Conversion of 2-butanol at 108 O C  with sala of H,PW,,O,. 
Table 6.1 - Distribution of products in dehydraton of 2-butanol with saits of 12- 
mgstop hosp horic acid for initial measurements.' 
Salt Preparative Seletivity of Products 
" The-on-stream of 5 minutes. 
b Cation: Proton ratio. 
Table 6.2 - Distn'bution of pfoducts in dehydration of 2-butanol with salis of 12- 
hingstophosphoric acid at higher time-on-Streamstream' 
Salt Preparative Selectivity of Products 
Ratiob 
Butane I -Butene c3-2-Butene pans-2-Butene 
" Tirne-on-stream of 120 minutes. 
b Cation:Protoa ratio. 
1 .O0 
Cation: Proton Ratio 
Figure 6.6 - Conversion of 2-butin01 at 108 OC with salts of H,SiW ,,O,. 
thallium and cesium salts in which relatively smaii activities are present for the salts 
prepared with a stoichiometric amount of the cation and no conversion is evident with 
those prepared with an excess. (Figure 6.6) 
U d k e  HPW based saits, no trace of butane was fonned with the HSiW salts 
prepared with a 15% deficit of the cation. (Table 6.3) HSiW has a similar distribution of 
products that observed for HPW, with 62%, 32%, and 6% for &ans-Zbutene, ck-2-butene 
and 1 -butene, respectively . The distribution of products shifts slightly for the three salts 
of HSiW with a decrease in the amount of tram-2-butene as the proportion of 1-butene 
and the ck-%butene increase, resulting in a product distribution of Il%, 47%, and 42% 
for the AgSiW salts. The distribution of products is unaffected by the preparative 
stoichiometry in these salts. (Table 6.3) The TlSiW salts Vary slightly fiom this product 
distribution with no 1-butene fonned for the salt prepared with an excess of thallium 
while the analogous CsSiW salt, prepared with an excess of the cation, has a distribution 
simiîar to that of the parent acid. As with the 12-tungstophosphate salts, no change in the 
distribution of products with AgSiW is apparent with increasing time-on-stream while the 
cesium and thallium salts have an increased selectivity to cic-2-butene, at the expense of 
the tram isomer. (Table 6.4) The preparative catioxxproton ratio used to form the salt 
appears to have a minimal effect on the product distriiution despite changes in the 
activities of the salts. 
The dehydration of 2-butanol with 1 2-molybdophosphoric acid shows an increase 
in activity with tirne-on-stream, with the conversion increasing from 40% at 5 minutes to 
92% at 120 minutes. The three stoichiornetries of the thallium salf TIPMo, decrease in 
activiv with higher times-on-stream. (Figure 6.7) The TlPMo salts prepared with either a 
deficit or stoichiometric amouut of the cation result in higher activities than the parent 
acid for initial measurements at 5 minutes, while ody the 0.85 salt maintains a similar 
Ievel of conversion than the parent acid at higher tirnes-on-stream. The decreased activity 
with an increase in the preparative cation:proton ratio is consistent with that observed 
previously with the HPW and HSiW salts in the dehydration of 2-butanol. 
The product dhribution of the TlPMo salts (Tables 6.5 and 6.6), appears to be 
Table 6.3 - Distribution of products in dehydration of 2-butaaol with salts of 12- 
tungstosilicic acid for initial measurements.' 
Salt Reparative SeIectMty of Roducts 
~atio' 
Butane 1 -Butene crS-2-Butene @ans-2-Butene 
" Tirne-on-stream of 5 minutes. 
b Cation:Proton ratio. 
Table 6.4 - Distriiution of products in dehydration of 2-butanol with salts of 12- 
tungstosilicic acid at higher thne-on-stmud 
Salt Preparative Selectivity of Products 
I%atiob 
Butane 1 -Butene ck-2-Butene ~~zs-2-Butene 
" Tirne-on-stream of 120 minutes. 
b Cation:Proton ratio. 
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Figure 6.7 - Conversion of 2-butanol at 108 OC with Ti,PMo,,O, salts. 
& ' e d  by the composition of the salt at a time-on-stream of 5 minutes. As the 
cation:proton d o  increases, the selectivity to ch-2-butene increases, at the expense of the 
bczm isomer, while tbe selectivity to 1-butene remains constant At higher times-on- 
Stream (Table 64, the selectivity for the two 2-butene isomen is approxirnately equal for 
the deficit salt. As the preparative stoichiomeûy is increased, the selectivity to the c&-2- 
butene increases while the 1-butene remains unchanged. 
Table 6.5 - Distribution of products in dehydration of 2-butanol with salts of  12- 
molybdophosphonc acid for initial rnea~uements.~ 
Salt Preparative Selectivity of Pfoducts 
Ratiob 
Butane 1 -Butene ch-2-Butene tram-2-Butene 
a Time-on-stream of 5 minutes. 
Catioo:Proton ratio. 
Table 6.6 - Distribution of products in dehydration of 2-butanol with salts of 12- 
molybdophosphonc acid at higher the-on-Stream." 
SaIt Preparative Seledvity of Products 
btiob 
Butane l -Butene ch-2-Butene tram-2-Butene 
" Time-on-stream of 120 minutes. 
Cation:Proton ratio. 
6.3.3 Dehydrarion of 1-Butanol. 
Dehydration of 1 -butano1 was carried out at 108 O C  with identical reaction 
conditions as used with 2-butanol. In cornparison to the dehydration of 2-butanol, the 
level of conversion for 1-butanol with HPW was slightly lower, calculated to be 78% at 5 
minutes. For the dehydration of 1 -butmol, only the 0.85 AgP W salt had a greater activity 
than that observai for the parent acid. (Figure 6.8) Both the silver and cesium sale show 
a decüne in activity as the cation-to-proton ratio is increased. Of the three cation:proton 
ratios examined for the thallium salts, ody the salt made with a deficit of the cation 
shows activity for the dehy dration of 1 -butanol. With increasing the-on-stream, the 
conversion with the pure acid deceases by ha& to 34%, while the three stoichiometnes of 
the silver s a h  show liale deactivation. (Figure 6.8) The 0.85 W W  salt maintains a 
similar level of conversion with increasing tirne-on-stream. However, the analogous 
cesium salt displays a decrease in activity, to a level slightiy lower than the 0.85 TlPW 
sak No activity was present for the stoichiometric and 1.15 TiPW and CsPW salts at 
higher times-on-stream. 
Initial measurernents at 5 minutes revealed that approxirnately equal amounts of 
the cLr and tram isomers of 2-butene were produced by the acid as well as some butane, 
resulting in a product distribution of 46%, 47%, 4% and 3% for &am-2-butene, ck-2- 
butene, 1-butene and butane, respectively. (Table 6.7) The only other salt to produce 
butane was the 0.85 CsPW salt. The AgPW salts retained a simila product distribution a s  
was apparent for the 2-butmol dehydration reactions, with Linle variation as the amount of 
the cation used to synthesize the salts was altered or time~n-Stream increased. (Table 6.8) 
The 0.85 TLPW salt produced slightly more 1-butene at the expense of the trnnr-2-butene. 
The product distribution for the dehydration of the 1- and 2-butyl alcohols is more 
variable with the cation-to-proton ratio of the CsPW salts. It is of interest to note that the 
selectivity to 1-butene increases with the increase of the cation to proton ratio with the 
kesh catalyst for both alcohols, although it is more pronounced with 1-butanol (Table 
6.7). The 0.85 CsP W salt no longer produces butane at higber times-on-strearn. (Table 
6.8) 
The dehydration of 1-butanol by HSiW was lower than that of HPW, with 
1 .O0 
Cation:Proton Ratio 
II AgPW eTlPW t CsPW e 120 min r 5 min 
Figure 6.8 - Conversion of 1-butanol at 108 OC with saits of H,PW,,O,. 
Table 6.7 - Distn'bution of products in dehydration of 1-butmol with salts of 12- 
tungstophosp horic acid for initial measurements.' 
Salt Preparative Selectivity of Produc% 
Ratiob 
Butane 1 -Butene ck-2-Butene O-am-2-Butene 
" Time-on-stream of 5 minutes. 
CationProton ratio. 
Table 6.8 - Dismiution of products in dehydration of 1-butanol with salts of 12- 
tungstop hosp honc acid at higher time-on-~aeam.' 
Salt Rep arative Selectivity of Products 
KatlOU 
Butane I -Butene crS-2-Butene tram-2-Butene 
" Tirne-on-stream of 120 minutes. 
Cation:Proton ratio. 
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activitia of 34% and 46% at 5 and 120 minutes, rapectively, for the fornier acid AU of 
the salts synthesized h m  HSiW had Iower activities than the pure acid (Figure 6.9), and 
of aiî the salts examine& oniy the stoichiornetric and excess CsSiW salts displayed any 
activities similar to the acid at 5 minutes. For the CsSiW salts, the conversion increases 
as the preparative ratio was increased, however this is short lived with only a relatively 
smail amount of activity present at higher times-on-stream. The conversion by AgSiW 
and TlSiW showed Linle variation with changes in the preparative ratio. 
HSiW maintains a distribution similar to that observed in previous reactions carried 
out with 2-butanol, with little change at higher times-on-stream. Tables 6.9 and 6.10 
indicate that the salts of HSiW produce a larger fiaction of 1-butene in cornparison with 
that observed for the analogous HPW salts. IButene appears to be the primary product at 
very low conversions. With increase in the preparative cationqxoton ratio for the AgSiW 
salts, an inmase in the selectivity to 1-butene is observed. 
12-Molybdophosphoric acid has an initial level of conversion of 35% for 1- 
butanol. However, this drarnaticaily decreases to 3% with increasing time-on-stream. As 
observed with 2-butanol reactions, the level of conversion decreases for the TiPMo saks 
as the cation:proton ratio is increased. (Figure 6.10) Similar to the pure acid, the level of 
activity drops dramaticaIiy with increasing tirne-on-stream, so that oniy the 0.85 salt 
displays any activity at 1 20 minutes. Tables 6.1 1 and 6.12 sumarize the distniution of 
products for the thallium 12-molybdophosphate salb and HPMo. As observed with the 
HSiW salts, 1-butene is the primary pro duc^ although the selectivity decreases slightly 
with increasing time-on-stream. 
- 
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Figure 6.9 - Conversion of 1-butanol at 108 O C  with saits of H,SiW,,O,. 
Table 6.9 - Distribution of products in dehydration of 1-butanol with salts of 12- 
tungstosilicic acid for initial measurements.' 
Salt Reparative Selectivity of Products 
Katio" 
Butane I -Butene cris-2-Butene pans-2-Butene 
" Tke-on-strearn of 5 minutes. 
b Cation: Proton ratio. 
Table 6.10 - Distribution of products in dehydration of 1-butanol with salts of 12- 
tungstosilicic acid at higher the-on-streama 
- - - - - - -- - - 
Salt Preparative Selectivity of Products 
htiob 
Butane 1 -Butene ch-2-Butene trans-2-Butene 
" Tirne-on-stream of 120 niinutes. 
b Cation:Proton ratio. 
Figure 6.10 - Conversion of 1-butano1 at 108 OC with n 3 P M ~ , 2 0 4  sala. 
Table 6.1 1 - Distribution of products in dehydration of 1 -butano1 with salts of 12- 
rnolybdophosphoric acid for initial rneas~rements.~ 
Salt Preparative Seledvity of Products 
m o u  
Butane 1 -Butene ch-2-Butene h.ans-2-Butene 
" The-on-stream of 5 minutes. 
b Cation:Proton ratio. 
Table 6.12 - Distribution of products in dehydration of 1 -butano[ with salts of 12- 
rnolybdophosphoric acid at higher time-on-stream." 
- - - 
Salt Preparative Selectivity of Products 
Ratiob 
Butane 1 -Butene ck-2-Butene pans-2-Butene 
" The-on-strearn of 120 minutes. 
Cation:Proton ratio. 
6.4 Discussion 
As mentioned in the introduction to this chapter, Section 5.3.1 discussed the 
experimental raults characterizing the acidity of the salts synthesized with the cesium, 
silver and thallium cations. 'H MAS NMR provided the first indication that weaker 
acidity was present in the salts: the chernical shift of the residual protons in the salt is 
located M e r  upfield of those reported for the parent acid. (Table 5.1) This resonance 
continues to move upfield as the preparative cation:proton ratio is increased. A number of 
arguments have been presented in support of the suggestion that the chemicai shift cm 
serve as a measure for acid strength2' a d  it is generaiiy believed that an increase in the 
protium chemical shift is an indication of the increase in the Bronsted acid ~trength?~~~ 
The intensity of the resolved iine in the 'H MAS NMR spectnim is directly proportional 
to the concentration of the Brthsted acid sites." From these results, it is apparent that the 
decrease in the peak area and chemical shift as the cation:proton ratio increases is 
indicative of a decrease in both the number and acid strength of the residual protons as 
compared to the 12-heteropoly acids. The absolute integration of the peaks provided 
relative amounts of protons residing in the salt (Tables 5.2 and 5.3) 
Temperature programmed desorption of m o n i a  provided a distribution of acid 
strengths present in the each of the salts examined. (Tables 5.4 and 5.5) For the silver 
salis of HPW and HSiW, those synthesized with a 15% deficit or excess of the cation 
have similar distributions in acid strengths. It was also of interest to note that the quantity 
of ammonia adsorbed by the thalhm and cesium salts is approxirnately an order of 
magnitude less than that adsorbed by the silver salts. This is consistent with the greater 
number of protons present in the silver salts than either of the cesium or thallium salts of 
the same acid. For the remaining thallium and cesium salts, the distribution of acid 
strength shifts with the number of sites of higher acidity decreasing as the relative 
arnounts of the cations are increased. Although TPD experiments with ammonia cannot 
dserentiate between Lewis and Br6usted acid sites, previous photoacoustic FTIR 
experiments have s h o w  tbat the acidity of 12-tungstophosphoric acid cm be amibued to 
Br6nsted acid sites with Little or no evidence of Lewis acid sites.*) It is expected that the 
derivatives prepared in this work are similar in this respect. 
The dehydration of tert-butanol, 2-butanol and 1-butanol is expected to foxm the 
tertiary , secondary , and primary buty l carbenium ions, respectively . Since the stability of 
these carbocations decreases in the order tertiary > secondary > p r i m q ,  the strength of 
the acid sites required to dehydrate the alcohols should increase for the same series. The 
dehydration of butyl alcohols can occur through monomolecular and/or birnolecular 
mechanisms. However, for a birnolecular process, the fonnation of dibutyl ether is 
expected.I7 Studies by Shi and Davis with alumina catalysts revealed that the formation 
of &ers b r n  secondary alcohols is dependent on the reaction conditions." In extensive 
studies of the dehydration of butyl alcohols with the HZSM-5 zeolite, ~ a m a r a e v ' ~ ~ ~  
determined that the formation of butene and ether products takes place via one 
intemediate, which is a highly reactive surface alkoxide species, similar to that fomed 
during the conversion of methanol to hydrocarboas. The fornation of ether depends on 
the concentration of the alcohol in the surroundhg neighbourhood of the alkoxide. In the 
dehydration of the three alcohols with the cesium(I), silver(I) and thaliium(I) 12- 
heteropoly salts only C, products were fomed with no evidence for the formation of 
dibutyl eîher or a variation on the chah length of the hydrocarbons. This suggests that 
the process is monomolecular at least under the conditions employed in the present work. 
Dehydration of tert-butanol was a facile process for aU of the salts investigated. 
The only product fomed was 1Fo-butene, with the % conversion decreasing as the cation- 
to-acid ratio increased. (Figures 6.2 to 6.4) 'Ibis correlates weii with the 'H MAS NMR 
data which show that the total number of acid sites available for the reaction is decreasing 
with the increased substitution by the cation. However, with only a single product 
fomed, there is no indication as to the variation of acid strengths as the amount of cation 
is increased. The sa16 of HSiW generdy had lower activities than the analogous HPW 
salts, consistent with the sequence of acidic strengths for the parent acids OfPW > HSiW 
>> HPMo) detemiined by Extended Hückel cal~ulatioos.~' 12-Molybdophosphoric acid 
also remained consistent with this ordering, with only a minimal level of aaivity present. 
However, substitution of the protons by thaUium greatly enhanced the capability of the 
salt so that the deficit and stoichiometric TlPMo salts achieved the highest conversions of 
ali of the sale exaniined. 
Similar to observations with tert-butanol, a decrease in activity with increasing 
cation content in the salt or increasing tirnesu-siream was observed for the dehydration of 
2-butanol. The only exception to this is the relatively stable level of conversion 
maintained by the AgPW salts. For these reactions, HPW and HSiW display little 
deactivation with higher times-on-stream. With the exception of the initial measurement 
of the 0.85 salts, the HSiW salts generaily possessed a lower level of conversion than 
noted for the analogous HPW salts. At higher times-on-stream, the stoichiomeûic cesium 
and thallium salts had relatively small levels of conversion while no activity was observed 
for the 1.15 salts. The TLPMo sah  displayed comparabie levels of activity to the AgPW 
salts during initial measurements. 
The dehydration of 1 -  and 2-butanol required a higher temperature than that used 
for the dehydration of tert-butanol. The fornation of the products is believed to foUow 
the mechanism, depicted in Figure 6.1 1, similar to that postulated for the isomerizatioo of 
1-butene.'' (Figure 5.1) However, the dehydration of 1-butanol would be expected to 
fom the primary butyl carbenium ion, which would readily couvert to the more stable 
seconchy butyl carbenium ion. The secondq butyl carbenium ion would result fiom the 
dehydration of 2-butanol. As a result, the dehydration of 1-butanol should require 
stronger acid sites to fom the primasr carbocation, so a decrease in the conversion is 
expected when compared to the dehydration of 2-butanol carried out at an identical 
reaction temperature. WhiIe it is possible for the dehydration of either or both 1- and 2- 
butanol to foliow a mechanism dissimilar fiom that discussed above, it is asswned the 
carbenium ion mechanism is followed in the present system. The stoichiometric and 1.15 
TlPW salts lack sites strong enough to facilitate the dehyciration of 1-butanol and the 
analogous cesium salts are deactivated after the initial sampling at 5 minutes. This is 
consistent with the decrease in the proportion of stmng Br6nsted acid sites for the 
thallium and cesium salts as the preparative cation:proton ratio is increased. In contrast, 
au three AgPW salts are capable of dehydrating I -butmol. The observation that the 
stoichiometric TlPW salt had little or no activity in the dehydration of 1-butanol at 108 OC 
but was capable of dehydrating 2-butanol under the same conditions is consistent with the 
expectation that stronger acid sites are required to form the primary butyl carbeuium ion. 
Although the HSiW salts consistently displayed lower leveis of conversion than the 
analogous HPW salts in the dehydration of each of the three alcohok, only the 1.15 
CsSiW salt does not have the capability to dehydrate 1-butanol. Granted, the conversions 
for aU of the salts were less than IO%, with the exception of the initial measurernents of 
the stoichiometric and excess CsSiW salts. The 1.15 TlPMo salt was also unable to 
dehydrate 1-butanol, while this salt was active with 2-butanol. At higher times-on-stream, 
H H H  
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Figure 6.1 1 - Mechanistic scheme for the dehydration of I -butanol. 
little or no conversion of 1-butanol occurred on the three TLPMo salts examined 
None of the catalysts investigated possessed sites of sufficient strength to facilitate 
the skeletal isomerization required to fom ko-butene during the dehydration of the 
primary and secondary butyl aîcohols. This is not surprising since both the 'H MAS 
NMR and TPD experhents with ammonia (Section 5.3.1) revealed that there is a 
decrease in the proportion of m n g  Bronsted acid sites with the increased substitution of 
cations in cornparison to the pure acid. Although the dehydration of 1-butanol at 250 OC 
by 12-tungstophosphoric a ~ i d ~ ~  failed to produce ho-butene, supported HPW was capable 
of fomiing &O-butene during the isomerization of 1-butene at these temperat~res.'~ 'H 
MAS NMR studies of the supported acid revealed a dowufield shift of the protium 
resonance, to a larger chemical shifi., f?om that reported for the unsupported HPW, 
indicating an increase in acid mength when the acid is s~pported.'~ It has also been 
reported that the pore structure of the H-ZSMJ zeoütes kineticaily favours the formation 
of h e m  rather than branched C, carbenium ions when dehydnting b~tanols.''~) The 
micropore structure of the 12-heteropoly oxometalate salts may play a similar d e .  
With the supported KPW, there was also evidence of a bimolecular process in the 
isornerization of 1-butene under the reaction conditions ernp~oyed.'~ To facilitate a 
bimolecular process in the dehydration of 1- or 2-butanol, wo molecules of the alcohol 
m u t  be adsorbed onto neighbouring sites. For this to be possible, a minimal partial 
pressure of the butyl alcohol would be required to ensure significant coverage of the 
catalyst ~urface. '~~' '@' It is possible that under the current reaction conditions (saturation 
of the helium gas Stream at 25 OC) the partial pressure of the alcohol may be below this 
threshold, promoting the monomolecular mechanism and absence of dibutyl ether. 
The equilibnum diseibution of l-butene:clF-2-butene:~~m-2-butene is 9.3 : 29.8 : 
60.9 at 150 The dehydration of Zbutanol at 108 OC by HPW and HSiW achieve 
similar distributions of productr with slightly l e s  1-butene formed (s 8%), while HPMo 
has an increased selectivity to ck-2-butene, at the expense of the tram isomer. (Tables 6.7 
to 6.9) Trace amounts of butane are produced in the dehydration of 1-butanol by HPW 
and HSiW with the three butene products having distributions similar to that at 
equilibrïum. in con- HPMo produces sigaificantly more 1-butene (> 20%). (Tables 
6.10 to 6.12) These distributions did not appear to be altered with increasing time-on- 
Stream. Dehydration of 1 - and 2-butanois by cesium, silver and thailium 12-heteropoly 
salts increases the selectivity to 1-butene. Aithough this increase is relatively small for 
the dehydration reactions with 2-butanol, the difference becomes more signincant for 1- 
butanol, where in some cases, 1-butene is the ouiy product at very low leveis of 
conversion. Generaliy, the dehydratim of an alcohol requires weaker acidic sites than 
those required for double bond isomerization of an olefin.15 On deactivation of relatively 
strong acid centres in an alumina membrane the overd1 conversion of 1-butanol was 
partially reduced but the selectivity to 1-butene was significantly increased. 
As discussed with the isomerization of 1-butene (Section 5.4), fornation of the czk 
and pans isomers of 2-butene occurs through the secondary butyl carbocation which is 
considered to be a metastable species, not equivalent to a transition state? A ratio of 1 is 
expected for the clF:trans isomers h m  this carbocation since the activation energy to 
form either is identical, although the tram isomer is slightly more thennodynamically 
stable. For 1-butene isornerization, this ratio is expected when the reaction is kinetically 
Limited and the intemediate secondary butyl carbenium ion is considered to be "free".ld 
However, as demonstrated in the equilibrium distribution at 150 O C ,  the trans isomer is 
preferentiaily formed. The AgPW salts, HSiW and HPW exhibit similar product 
distniuti011~ for the dehydration of the primary and secondary butyl alcohols to that which 
is observed for the isomerization of 1-butene at 100 O C .  (Section 5.3.2) The 
stoichiometric and excess salts of CsPW, TîPMo, and ail of the HSiW salts tend to 
approach a ck/h-am ratio of 1 for the 2-butanol reactious and the 1.15 TLPW salt did not 
produce 1-butene. In isomerization reactions carried out with the pure heteropoly acids, it 
was concluded that the fornation of the cis isomer is favourable for catalysts which are 
weakly acidic.16 This had previously been noted with other catalysts," although numerical 
values associated with the cis:@an.s ratio are largely dependent upon the nature of the acid 
sites (Lewis or Bronsted) and the resulting mechanism. As mentioned earlier, the 
distriiution of products by salts other than AgPW for the 1-butanol reactions difTered 
h m  equilibriurn values with the tendency to increase in the selectivity towards 1-butene 
at a cost of tram-2-butene. This was observed with CsPW as the catiorxproton ratio is 
increased and with the TiSiW salts fomhg only 1-butene. 
For the dehydration of the butyl alcohois, there is a notable decrease in the 
catalytic activity, although not necessatily the selectivity to the pduc t s ,  kom the initiai 
sample of the fresh catalytic surface to the deactivated catalyst in as Little as 15 minutes 
after exposure of the catalyst to the reactant mixture. It is believed that this demase in 
conversion results h m  the relatively slower rate of regeneration of the Br6nsted acid sites 
in cornparison with the rate of formation of the olefinic products on a release of a proton. 
It should also be noted that m a s  balances of less than 100% are commoa in the present 
work, due to the retention of the alcohols and/or their decomposition products on the 
catalyst 
As evident kom the nitrogen adsorption-desorption isotherms, 'H MAS NMR and 
ammonia TPD, partial substitution of the protons by monovalent cations of cesium, silver 
and thallium affects three charactetistics of the salts: a microporous structure is created, 
the number of BrPnsted acid sites is decreaçed, and the distriiution of acid strengths is 
shifted. As noted in Chapter 2, variations in the cation:proton ratios have significant 
effects on the pore volumes but Little or no influence on the mean micropore radius, as 
wodd be expected fkom the hypothesis of the source of the pore structure advanced. 14-16.35 
Not surprisingly, however, the number of residual protons and the chernical environment 
in which they reside are altered by changes in this ratio. In examining the catalytic 
properties of the salt synthesized, it is important to d e t e d e  which of these variables has 
the most significant effect in the dehydration of butyl alcohok. 
It can be concluded that four characteristics of the salts bave an effect on the 
conversions of butanok: (1) the nature of the cation, (2) the morphological properties of 
the catalysts, (3) the number of protons, and (4) the distribution of acid strengths. For a 
given cation, the preparative cation:proton ratio determines the last three. To elucidate the 
effect of the cations on the residual protons the conversions were divided by the 
appropriate surface areas and number of protons. (Tables 6.13 and 6.14) These values of 
conversionsflm2]~] should rninimize or eliminate the influence of the numbers of 
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Table 6.13 - Conversions of the 1 -, 2- and fert-butanols with salts of H,PW ,,O,. 
Salt Preparative Conversion* 1 [(m2)oJ 
Stoic hiometxy 
2 -ButanoF 2-Butanop tert-Butanold 
" For measurements taken at 5 minutes. 
Moles of products multiplieci by (1 x 1o2S). 
' Reaction temperature of 1 O8 OC. 
d Reaction temperature of 46 OC. 
protons and morphological dBerences arnong the catalysts on the observed conversioos. 
As would be expected, assuming a carbocation mechanism, the conversions of iert- 
butanol with the KPW denved saits (Table 6.13) are g e n e d y  higher than those for 2- 
butanol and, in tum, those for the latter are higher than for 1-butanol for each cation and 
stoichiomety, although the reaction temperature for tert-butanol is lower than that 
employed with the remaining alcohols. This trend is generaliy maintained for the HSiW 
derived salts and TiPMo, although AgSiW is a notable exception. ('Table 6.14) Further, 
the conversions of a given alcohol decrease, in general, with the cation in the order Ag < 
Tl c Cs, although both TlPW and TlSiW are notable exceptions. Finaily, significant 
changes are observed, for a given cation, as the preparative stoichiomeûy is altered. 
Since the acidic men& required to generate the carbocations increase in the order tert-, 
Table 6.14 - Conversions of the 1-, 2- and terf-butanols with sa16 of H,SiW,,O, and 
TI,PMo ,,O, salts. 
Salt Preparative Conversion* / [(m2)o] 
' For measurernents taken at 5 minutes. 
Moles of products multipiied by (1 x le8). 
' Reaction temperature of 108 O C .  
d Reaction temperature of 46 OC. 
2 ,  I -butano1 it would be expected that the most signiticant differences in the 
conversions/[m2]M would be found with 1 -butanol. However, in general for the HPW 
and HSiW salts, the conversion decreases, for a given cation and alcohol, as the 
preparative stoichiometry inmeases, although some exceptions are evident. Cesium is the 
largest cation examined. The decreased activity for the stoichiometric and excess CsSiW 
salts may be attributed to the crowding of the structure with four cations required to 
balance the charge of the SiW,,OWC anion, which may result in limiting the mobility of 
residual protons present in the solid. It should be noted that the powder XRD pattern 
could be indexed according to the Pn3m space group for ail h e  stoichiometries of the 
CsSiW salts. Cornparison of the TIPMo salts with the analogous TlPW salts reveals that 
the molybdenwn-containing salts have a higher level of conversion although the HPMo 
acid is usually considered weaker than HPW. However, as seen witb tert-butanol, 
thaiLiun appears to stabilize the Keggin anion and TiPMo ako has a larger &action of 
intermediate strength acid sites than the analogous TLPW salts, indicated by the ammonia 
TPD. 
Since the separation between the 'H chemical shift in AgPW and that in HPW is 
larger than those with the remaining cations and the concentration of stroog acid sites is 
the smallest in the former it would be anticipated that the conversions would generally be 
the s r n a k t  with AgPW regardless of the alcohol. Further, in view of the relatively large 
number of residual protons in the silver salts, regardless of the stoichiomeûy, the 
perturbation effect of cations on the protons would be expected to be diminished. 
It is clear that the nature of the cation and anion as weU as the preparative 
stoichiornetry have a profound eRect on the resulting salîs, in particular both the 
morphological and the acid-based catalytic properties, the latter as evidenced f?om the 
results of 'H MAS NMR, MI, TPD, and butanol conversion measurernents. For a given 
cation, changes in the preparative stoichiome~ alter the relative numbers of cations and 
protons with consequent perturbations of the distribution of acidic strengths and catalytic 
activities in the reactions of butanok while similar effects also result fiom changes in the 
nature of the cations. 
The acidic strengths of the heteropoly acids are related to the mobility of the 
protons which is dependent, at least in part, upon the magnitude of the negative charge of 
the adjacent terminal oxygen atoms of the heteropoly anion. Earlier calculation~~~ have 
suggested that the coulombic binding of the proton will increase with the charge on these 
oxygen atorns and concornitantly the protonic mobility and the acidity wiU decrease. The 
introduction of cations larger than protons apparently reduces the mobility of the 
remaining protons. This effect may result fiom a number of factors. The larger cations 
may perturb the electron densities of the anions and in doing so alter the magnitude of the 
charge on the terminal oxygen atorns. It also may be speculated that the large cations 
actually impede the movernent of the protons as a resuit of their size and repulsive 
interactions. In this regard it is noteworthy that the charge densities inmase in the order 
Cs' < Tl+ < Ag' which is in approximate agreement with the trends seen for the NH, 
TPD, 'H MAS ElhiLR, and butan01 conversion results. WhiIe such comrnents are evidently 
speculative, direct evidence of the influence of the larger cations on the acidic propdes 
of the heteropoly acids has been provided and hence direct a d o r  indirect interactio11~ 
between the pmtous and larger cations have beeu shown to exist 
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C ~ R  7 
Conclusions 
7.1 Summary 
The present midy has been concerned with establishing the existence of a 
rnicroporous stmcture in salts of 12-heteropoly oxornetalates which contain representative 
cations of Groups 18 and 3B in the periodic table. The effect of the nature of the cation 
and anion, and the preparative stoichiomeûy and morphological and catalytic propertia of 
the salt were examined. As part of the characterization studies of the salts, a critical 
comparative study of the methods available for the rneasurements of surface ara  and pore 
size distribution was c k e d  out In addition, the perturbations of acid strength in these 
salts as a result of the Uitroduction of nonprotonic cations was investigated in the acid 
catalyzed processes of 1-butene isomerization and dehydration of butyl alcohols. 
In Chapter TWO, the silvem and thaliiumQ) salts of 12-tungstophosphoric and 12- 
tungstosilicic acids and thallium0 12-molybdophosphate were shown to have a 
microporous structure. The silvefl) salt of 1 2-molybdop hosphoric acid sho wed no 
evidence of rnicropomsity. These results indicate that nich muchires are not r&cted to 
salts prepared from the alkali metals, and the generaily larger size of thallium and saver 
cations, in cornparison to the aikali metals, is not a liniiting factor. 
IR spectroscopy confimied that the structure of the Keggin anion is retained while 
powder XRD patterns indicated that the transition metal cations occupy the positions 
previously held by the protons in the laaice siructure. A microporous stmcture is created 
by the transition and rotation of the Keggin anions to accommodate the larger cations, 
which remove, at least partiaily, the barriers separating the intentitial voids &om one 
another. The larger cation diameter results in an increase in the surface area, micropore 
volume, and mean rnicropore radius. Variations in the ratio of cation to proton used in 
the preparation of the various salts had a l e s  pronounced effect on the surface area and 
rnicropore volume than previously observed and the mean micropore radius remaineci 
unaltered. This is believed to be a result of the meîhod used in isolating the resulting 
precipitate. Filtration appears to isolate a puer form of the desired salt than evaporation. 
'H MAS NMR studies of the silver(I), thaIlitmQ) and cesiumO 12-heteropoly 
salts demonstrated that residual protons are st i l l  present in the salts and both the number 
of acid sites and the envuonment in which they reside are affected by variation in the 
preparative stoichiometry. The chernical shiRs observed for the residual protons in the 
prepared salts are upfield of those reported for the pure heteropoly acids, indicating a 
decrease in acid strength, in cornparison to that observed with the acids. In combination 
with NH, TPD studies, it was observed that the number of acid sites present in the silver 
salts of Ag3PW,,0, and Ag,$iW,,O, decreased with the increase in the cation-to-proton 
ratio, however the distribution of acidic strengths appeared to be unaltered. In con- 
the thahrn(I) and cesiurn(I) cations have a greater effect on both the nurnber of acid sites 
and the distribution of acid strengths, with the disappearance of the sîrongest Bronsted 
acid sites as  the cation:proton ratio is increased. 
Although microporous structures apparently generally result with salts prepared 
f?om monovalent cations it is not clear whether such microporosity wouid be retained on 
an in-siru increase of the oxidation =te of the cation. Unfominately, the lower oxidation 
state of the chosen cation pair CuO/Cu(lI) is relatively unstable and consequently 
preparation and retention of the copper(I) salt is not straighdonuard. Although solid state 
ion exchange with the ammonium 1Zhingstophosphate salt and a source of Guo) 
produced a solid with a surface area higher than the parent acid but lower than that of the 
prepared ammonium salt, use of the parent acid and the copper(I) salt did not yield a high 
surface area, rnicroporous solid. Characterization of the copper@) salts indicated that a 
mixture of the coppero cation and heteropoly acid was present, rather than a salt. 
In Chapter Four, two of the rnicroporous salts, thallium 12-hingstosüicate and 
thallium 12-molybdophosphate, were employed to compare the use of the 
Bnuiauer/Emmett/TeUer PET), MP, Dubinin-Radushkevich (DR) and Horvath-Kawazoe- 
Satio-Foley (HKSF) methods for the analysis of nitroen adsorption isotherms in order to 
chamterize the micropore structure present in the salts. Information on the surface areas, 
pore volumes, and pore size distributions were obtained by these methods. Simiiar 
surface areas were obtained by the BET, t-plot and DR methods, while the volume of 
micropores detemïned by the DR method were slightly larger than those calculated by the 
MP method. Both the BET and DR theories are unable to yield a pore size distribution 
and although useful information about the micropore structures cm be derived fiom the 
nitmgen isothexm, these methods do not provide a straight5orward relationship between the 
logmithm of the relative pressure and the pore size distribution. The application of the 
slit and cylindrical models of the M(SF method permits such a direct relationship and 
accounts for the physical properties of the adsorbate and adsorbent couple, in addition to 
the increase in the adsorption energy in the smaii micropores. This results in the 
micropore radü calculated by the HKSF methods being l e s  than half of the value 
calculated by the MP method. It is apparent in this study that knowledge of the 
assurnptions and limitations of each rnethod should be considered when they are applied 
to an isotherm. 
Chaptm Five and Six descriied the catalytic activity of these microporous 
materiais in the acid catalyzed processes of 1-butene isomerization and the dehydration of 
1-, 2- and tert-butanol. It is clear that the nature of the cation and anion as weU as the 
preparatve stoichiometry have a profound effect on the resulting salts and in pdcular 
both the morphology and acid-based catalytic properties. The presence of a micropomus 
structure, residual protons, and the distribution of acid strengths were found to be 
important factors in the catalytic testing studies. In the isomerization and dehydration 
reactions, the product distribution indicated that a monomoIecular mechanism was 
involved, although this could be a resuIt of the conditions under which the experiments 
were perfomed. 
With the isornerization of 1-butene, only products resulting fiom double bond 
migration were observed, consistent with the results h m  the 'H MAS NMR and TPD 
studies, which indicated the salts would lack acid sites of sufficient strength to facilitate 
the skeletal isornerization of 1-butene to produce iro-butene. The consistent levels of 
conversion and selectivities for the sbichiometric and nonstoichiometric siIver saIts was 
attributed to the larger nurnber of protons present in combination with similar distributions 
of acid strengths, unaffected by the c~tion:proton ratio. The shift in the distribution of 
acid strengths for the thallium salts, with the decrease in the proportion of stronger acid 
sites as the preparative ratio is increased, was reflected in the demased activity and the 
inmaseci selectivity for ck-2-butene as the thallium content in the salt hcreased. The 
Tl,PW,,O, and T&SiW,,O, sala prepared with an excess of the cation were unable to 
isomerize 1-butene. An increase in the activity, in compatison to that of the pure 
heteropoly acid, was only obsewed for the Ag,PW,,O, salts and marginauy with 
Tl,PMo,,O,. 
The dehydration of tert-, 20, and 1-butanol is expected to form the tertiary, 
secondary, and primary butyl carbonium ions, respectively. Since the stability of these 
carbocations decreases in the order of terîiary > secondary > prirnary, the strength of the 
acid sites required should increase for the same series. In the dehydration of the butyl 
alcohols, the salts of ASiW,,O, generauy had lower activities than the H,PW,IO, salts, 
which is in agreement with the sequencing of acid strengths for the pure acids, previously 
observed. In contrast, the thallium salt of H,PMo,,O, had an increased stability over that 
observed for the parent acid. 
The conversion of butyl alcohols decreased with the increased cation content in the 
salts. The Ag,PW,,O, salts, H,PW,,O, and H,SiW,,O, maintained consistent 
distributions of products, simiiar to equilibrium values, unaltered by the timean-stream or 
the preparative stoichiomeq of the silver salt Reflecting changes in the distribution of 
acid strengths, the stoichiometric and excess Cs,PW,,O,, Tl,PMo,,O,, and all of the 
H,SiW,,O, salts had a product distribution in which the cidtrans ratio approached 1 in 
the dehydration of 2-butanol. The excess thallium and cesium salts lacked sites of 
sufficient sîrength to dehydrate the 1- and 2-butanols. An increase in the selectivity of 1- 
butene occuned when very low levels of conversion were observed in the dehydration of 
1 -butmol. 
Accomting for the dflerences in the surface areas and nurnber of residual protons 
in the salts, the conversion for a given butyl alcohol generally increased with the cation 
order of Ag < Tl < Cs. Since the charge densities increase in the order of Cs* < Tl+ < 
Ag4, the dEerences in conversion could be related to the reduced mobility of the residual 
protons by the introduction of the nonprotonic cations. The larger cations may perturb the 
electron density of the anions and, in doing so, alter the magnitude of the charge on the 
texminal oxygen atom the protons are affiliated with or they may actually physically 
impede the movement of the protons by their increased size and repulsive interactions. 
7.2 Future Work 
The present study of the cesi@), silver@) and t h a l l m 0  12-heteropoly salts 
could be expanded with investigations into other acid-catalyzed systems, such as the 
dehydration of propanol or the conversion of methanol to hydrocarbons, to provide M e r  
information regarding the acidic properties of these catalysts. It would be of interest to 
examine an oxidation process, such as the partial oxidation of methane to methanol, with 
the thallium 12-molybdophosphate salt due to the apparent increased stability of this salt 
in cornparison with the pure acid in the acid-catalyzed processes. Generaily, H,PMo,,O, 
is considered to be more effective in redox reactions than the analogous tungsten- 
containing acids. In addition, the use of temperature prograrnmed hydrogen-deutenum 
exchange experirnents (TPE) rnay be able to shed more light onto the mobility of the 
residual protons in the cesium, silver, and thalbarn salts. 
With the successful creation of rnicroporous 12-heteropoly salts containing 
monovalent cations of silver and thallium, heteropoly saits containing other transition 
metal cations should be examined as other possible microporous solids. Future work with 
the c o p p q  cation could inchde a detailed temperature study to determine the optima1 
temperature at which to perfonn the solid state ion exchange, modification of the 
apparatus to p d t  removal of the excess CuCl and possible copper oxides fomed, and 
the use of a wafer for the heteropoly oxometalate. Use of a microporous salt containing a 
cation which is closer in diameter to the copper(II) cation may promote the exchange ta 
occw more readily. Although not explored at the present t h e ,  possible methods of 
converting the oxidation state of copper(l) to copper(II) m u t  ais0 be investigated in 
addition to deteminhg the stability of the coppefl) oxidation state in the solid fom. 
APPENDIX A 
Sample Calculations for the HKSF Methods 
As discussed in Chapter Four, Horvath and Kawazoe developed a model which takes 
iuto account the bulk and surf'ace properties of the adsorbents. On the bais  of the calcuiated 
potential energy profiles for atorns adsorbed in dit-like pores and the enhancement of the 
depth of the energy well relative to adsorption on a flat d a c e , '  the HK model relates the 
k e  energy of adsorption to the average potential inside a dit-like poree2 Their initial study 
involved the adsorption of nitrogen on rnolecular-sieve carbon, with the generic equation 
where R is the gas constant (J/(molK)), 
T is the temperature (K), 
N, is the number of atoms per unit area of adsorbent (a) (atom/cm'), 
NA is the number of molecules per unit area of adsorbate (A) (moleculelcm2), 
A is the dispersion constant (J/molecule), 
K is Avogadro's uumber, 
a is the distance between a gas atom and the nuclei of the surface at zero interaction 
energy (a = 0.858 x dn) (nm), 
L is the distance between nuclei of two layers (nm), 
and d is the sum of the adsorbate and adsorbent diameters (d = d, + 4) (nm). 
The dispersion constants for the adsorbate (Ad and the adsorbent (AJ are calculated 
by the following equations. 
where m is the m a s  of an electron (kg), 
c is the speed of üght (mk), 
a is the polarizability (cm3), 
and x is the magnetic susceptibility (cm3). 
The parameters for the oxide ion2 as the adsorbent and nitmgen as the adsorbate, listed in 
Table 4.3, were substituted into equations A.2 and A.3 to obtain the following dispersion 
constants. 
Using the values of A, and A, the fim part of equation A. 1 was calculated as 
= 6.022~10 mol -' (1.3 lxl0"cm -')(6.57&10 +%cm 6)+(6.7x10 "m -')(4.273~10 *Jcm 6, 
(8.3 14 JmoZ- 'K- ' ) (77~0 .273~10  "c~)~(L -0.636nm) 
while the second part of equation A. 1 was calculateci as 
The final fom of equation A.1 for the HK model is 
Saito and Foley modifieci the slit model to accommodate the cylindrical shaped pores 
of the zeolite microstni~ture.~ For the cyündrical model, the iine-averaged and area-averaged 
cases were examined. The equation for the line-averaged case is 
whiie the equation for the ma-averaged case is 
The expansion coefficients, a, and Bk, in equations AS and A.6 are expressed as 
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Using the parameters h m  Table 4.3 and the calculateci values of  equatious A.2 and A.3, the 
f i n t  part of equations A S  and A.6 was calculated to be 
Substituting 0.636 m for the variable o f  ci, the final fom of equation AS, the line-averaged 
case, is 
while that for the area-averaged case is 
Using pressure data h m  the nitrogen-adsorption isothenm of the two thallium salts 
discussed in Chapter Four, equations A.4, A.8, and A.9 were solved by application of the 
Secant method4 to determine the unknown variable (L for the slit mode1 and r, for the 
cylindrical models) at each data point. The resulting effective pore diameter was then 
calculated fiom & - 0.276 nm) for the siit mode12 and (25 - 0.276 nm) for the cylindrkal 
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models.' The micropore sue distribution and the average effective pore diameter, detemiined 
by the HKSF methods, are discussed in detail in Chapter Four. 
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